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Abstract
Compaction is the most critical step in the construction process of asphalt pavements,
which has a significant consequence on the durability of asphalt pavements. Although the
importance of compaction has been well recognized, due to its complexity, the mechanisms
of compaction have not been fully understood, and inadequate compaction is still a common
problem in current practice. Therefore, the objective of this thesis is to explore physical
mechanisms of compaction and to model the compaction process based on the mechanisms.
Before exploring mechanisms of compaction, we first analyze the field density data from
recently constructed projects to achieve a thorough understanding of the current situation of
field compaction. From it, probability distribution of field density and factors affecting field
compaction are investigated. The results show that field density distribution is typically
left-skewed and leptokurtic. The design parameter, Ndesign, and the material property, fine
aggregate angularity, are identified to have significant effects on field density.
Then, the mechanism of how asphalt binder affects compaction of mixtures is investi-
gated. A tribological test is developed to measure the lubricating effect (friction coefficient)
of thin asphalt binder film (∼ 10 µm) between rough solid surfaces, which simulates the in-
teraction between binder and aggregates during compaction process. Tribological tests are
conducted on graphite nanoplatelets (GNP) modified binders. The results show that GNP
addition decreases the friction coefficient of binder between rough surfaces, which explains
why GNP addition increases the compactability of mixtures. Compared to viscosity, the
tribological property (friction coefficient) of asphalt binder is more related to compactabil-
ity of mixtures, which implies that compared to viscosity the lubricating effect of asphalt
binder may represents a more comprehensive mechanism which explains the effect of binder
on compaction of asphalt mixtures mixtures.
Mechanisms of compaction in the length scale of asphalt mixture (∼ 10 cm) are then
studied to explain the macroscopic phenomena observed in gyratory compaction. Two meso-
scopic mechanisms are proposed: jamming of aggregates and aggregate-binder interaction.
By aggregates jamming, compaction process of asphalt mixture can be interpreted as the
evolving jammed states of aggregates under the excitation of shear or vibration. This inter-
pretation explains why shear and vibration enhance densification, and why shear resistance
iv
increases with density, showing the coupling effects between shear and densification process
of asphalt mixture. The mechanism of aggregate-binder interaction explains the decrease in
shear resistance in the latter part of gyratory compaction.
Based on the mechanism of aggregate jamming (aggregate rearrangement), a one dimen-
sional (1D) nonlocal model is developed for simulating the gyratory compaction process of
asphalt mixtures. The model is formulated by combining the local mass balance law and
a densification model of a cluster of aggregates. The nonlocal model involves a material
characteristic length scale, which gives rise to strong effects of specimen height on the over-
all compaction curve as well as on the density profile. The proposed model is calibrated
and validated by a set of gyratory compaction tests of different specimen heights. Through
a set of parametric studies, it is shown that the nonlocal length scale plays a critical role
in determining the spatial distribution of the local density and consequently the overall
compaction curve. The model parameters can be related to the set up of the gyratory com-
paction and the material properties, such as the tribological property of binder, angularity
of aggregates, and aggregate gradation, and therefore can provide guidance for the design
of more compactable mixtures.
Lastly, effect of randomness on compaction process is studies based on the developed 1D
nonlocal model for gyratory compaction. Two sources of randomness are investigated: the
randomness in the initial density profile and the randomness in compaction effort. Monte
Carlo simulations were performed to compute the probability distribution of average den-
sity of gyratory compacted specimens. The result explains the left-skewed and leptokurtic
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Compaction represents the most critical step in the construction process of asphalt pave-
ments, by which asphalt mixture is turned from the initial loose state to a desired dense
state in the field. The level of compaction is represented by the field density, which is
typically expressed by the percent of theoretical maximum density (%Gmm) or the air-void
ratio (100%−%Gmm). Numerous studies have emphasized the importance of compaction
on the performance of asphalt pavements [4, 5, 6]. A direct consequence of insufficient
compaction would be the low field density (or high air-void ratio) which will further cause
many durability-related distresses, such as cracking, moisture damage and raveling [7, 8],
and therefore will significantly reduce the service life of asphalt pavements.
Despite the importance of compaction, low compaction level (exemplified by low field
density or high air-void ratio) is still a common problem in current practice, as reported in
many previous studies [9, 10, 11]. The average field density reported in these studies is about
92∼93% Gmm (or 7∼8% air voids), which is much lower than the design density level, 96%
Gmm (or 4% air voids), according to Superpave design method (AASHTO R35 [12]). It is
believed that the current issue of low field density is closely related to the Superpave mixture
design method, which mainly focused on designing rutting-resistant mixtures but did not give
enough consideration to the compactability or workability of mixtures. Mixtures designed by
Superpave are typically sufficiently resistant to rutting while are not compactable enough.
As a result, after the implementation of Superpave design method in the late 1990s, rutting
1
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occurrence is essentially reduced, while durability-related issues related to low field densities
are becoming increasingly prevalent [13]. Therefore, there is a strong need to improve field
density by designing more compactable mixtures.
As for the design of more compactable asphalt mixtures, the main obstacle is the lack of
fundamental understanding of the compaction process of asphalt mixtures. In practice, the
evaluation and design of compaction of asphalt mixtures rely heavily on empirical methods
and trial-and-error. Examples are as follows. The most widely used index for character-
izing the compactability of asphalt mixtures is the slope of the compaction curve in the
semi-log scale (density vs. log(time)), which is proposed about half a century ago [14].
However, there is no theoretical explanation for the linear relationship between density and
the logarithm of time; it is unclear to what extent this approximate is appropriate. There
are other indices characterizing the compactability of asphalt mixtures based on the com-
paction curves, including locking point [15] and energy indices [16, 17, 18]. Similarly, these
indices are essentially empirical which do not have clear physical meanings. In terms of
mixture design, some empirical methods have been proposed to adjust the compactability
of mixtures, for example, by means of the maximum density line [19] and Bailey method
parameters [20, 21]. These methods aim to identify the aggregate gradation that produces
the minimum air voids. However, the results are typically based on the experimental data of
certain aggregate types, and it is unclear to what extent the results are applicable to other
aggregate types.
More recently, with the advance in computational tools, major research efforts have been
directed towards numerical modeling of the compaction process of asphalt mixtures. Mate-
rial models under the framework of finite-strain elasto-viscoplasticity have been developed to
capture the behavior of asphalt mixture during compaction and have been implemented by
finite element method to simulate the compaction process of asphalt mixtures [22, 23, 24, 25].
However, these models are phenomenological in macroscopic level, which cannot capture the
effect of mesoscale features on compaction, such as how the property of components (e.g.,
the angularity of aggregate and viscosity of asphalt binder) and their proportions affect the
compaction. Because of that, these models are not that useful for mixture design which
is basically a process of selecting and proportioning mesoscale components for achieving
certain macroscopic properties.
Compaction of asphalt mixtures has also been studied by discrete element method [26,
27, 28, 29, 30]. The main advantage of the discrete approach is that it can capture some
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mesoscale features explicitly, e.g., the shape and size distribution of aggregates. However,
its main drawback is the excessive computational cost, which renders it prohibitive for being
used for practice.
Despite these research efforts, due to the complexity of compaction of asphalt mixture,
there are many macroscopic phenomena that we still do not understand, for example:
• Why adding graphite nanoplatelets (GNP) to asphalt mixtures increases its com-
pactability, even though GNP addition increases the viscosity of asphalt binder?
[31, 32]
• Why gyratory compaction is affected by height of the specimen? [33, 34]
• Why gyratory compacted specimen exhibits a nonuniform density profile, with higher
density in the middle while lower density at the two ends of the specimen? [33, 34]
• Why in gyratory compaction shear resistance of the mixture first increases and then
decreases? [35, 16, 17, 36]
• Why field density distribution is always left-skewed and leptokurtic? [37]
These macroscopic scale phenomena of compaction process must be a result of the behaviors
of materials in the mesoscopic scale, i.e., the motion of aggregates and binder. However, the
connections between the two scales are still obscure. In this thesis, we attempt to explain
these macroscopic phenomena by physical mechanisms in the mesoscopic level.
1.2 Objectives and Organization
The goal of this thesis is to enhance the understanding of compaction process of asphalt
mixtures through: (i) data analysis; (ii) experimental studies; and (iii) analytical modeling.
Towards this, we have the following objectives:
• Perform data analysis to achieve a thorough understanding of the current situation
of field compaction, including the statistical distribution of field density and the key
factors affecting it.
• Perform an experimental study to investigate the effect of the tribological property of
asphalt binder on compaction of asphalt mixtures.
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• Perform an experimental study to explore the mesoscopic mechanisms that govern the
compaction process of asphalt mixtures.
• Develop a material model for the densification process of asphalt mixtures based on
the proposed mesoscopic mechanisms, and simulate the gyratory compaction process
by using this model.
• Based on the developed model for gyratory compaction, investigate the effects of ran-
domness (including the randomness of initial density and compaction effort) on the
gyratory compaction process, with the aim of understanding the statistical distribution
of field density data.
The thesis is organized as follows:
In Chapter 2, field density and material properties data obtained from recently con-
structed projects are analyzed and a thorough understanding of the current situation of
field compaction is achieved. Material and design factors that affect field compaction are
also identified.
In Chapter 3, the effect of tribological property of asphalt binder on compaction is in-
vestigated by performing tribology tests on graphite nanoplatelets (GNPs) modified asphalt
binders. The results show that, compared to viscosity, tribological property of asphalt binder
is more related to the compaction behavior of asphalt mixtures.
In Chapter 4, two mesoscopic physical mechanisms are proposed to explain the macro-
scopic behaviors of compaction of asphalt mixtures. One mechanism is related to the jam-
ming of aggregates (aggregate rearrangement), which governs the densification process of
the mixture. The other mechanism is related to the binder-aggregate interaction, which is
responsible for the change of shear resistance of mixtures during compaction. Experimental
studies are also performed to validate these mechanisms.
In Chapter 5, a one-dimensional (1D) nonlocal model for gyratory compaction is de-
veloped, based on the mesoscopic mechanism of aggregate rearrangement. The model is
formulated by combining the local mass balance law and a densification model of a cluster
of aggregates. The proposed model is able to simulate the compaction curve, density profile,
and the size effect observed in the gyratory compaction process.
In Chapter 6, the 1D nonlocal model for gyratory compaction developed in Chapter 5
is employed to study the effect of randomness on compaction of asphalt mixtures. Two
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sources of randomness are investigated: the randomness in the initial density profile and the
randomness in compaction effort. Monte Carlo simulations were performed to compute the
probability distribution of average density of gyratory compacted specimens. The results
explain the features of field density distribution as observed in Chapter 2.
Chapter 7 summarizes the main conclusions of this study.
Chapter 2
Field Density Investigation of Asphalt
Pavements in Minnesota1
In this Chapter, the current situation of field density in Minnesota is investigated, with
the aim of identifying key factors affecting field density and possible measures to further
improve field density. Data (including field densities and material properties) from 15 re-
cent asphalt pavement projects were collected by Minnesota Department of Transportation
(MnDOT) and are used in this investigation. First, we perform a statistical analysis to
study the probability distribution of field densities. Then, we conduct a two-way analysis
of variance (ANOVA) to check if the nominal maximum aggregate size (NMAS) and traffic
levels have any significant effect on field densities. We follow with a correlation analysis to
identify significant correlations between mixtures’ compactability and material properties.
The results show that the field density data approximately obey normal distribution, with
an average field density of 93.4% of theoretical maximum specific gravity (Gmm). We observe
significant differences between mixtures with different traffic levels, and find that mixture
compactability is significantly correlated to fine aggregate angularity and fine aggregate
gradation.
1This chapter is adopted from the following manuscript:
T. Yan, M. Marasteanu, C. Bennett, and J. Garrity. Field density investigation of asphalt mixtures in




After the implementation of Superpave mix design in the late 1990s, durability related dis-
tresses, such as cracking, became the most prevalent distresses[13]. Durability issues, to
a great extent, can be attributed to inadequate field density. The minimum requirement
of as-constructed field density in most states is about 92∼93% of theoretical maximum
specific gravity (Gmm), or 7∼8% of air voids[8]. Many previous studies have shown that
as-constructed field densities are lower than desired[11, 38, 10], which causes premature
durability related distresses, e.g. cracking, water damage, raveling, etc.[6, 7]. The impor-
tance of the as-constructed field density is emphasized by Linden et al.[6] who found that
“a 1 percent increase in air voids (over the base air-void level of 7%) tends to produce about
a 10 percent loss in pavement life.” The relatively low as-constructed field density can be
in part related to the implementation of Superpave mix design that emphasized preventing
rutting, the most prevalent distress before Superpave, that resulted in designing harder to
compact asphalt mixtures[13].
To improve durability and extend pavement life, many agencies have proposed modifi-
cations to the traditional Superpave mix design to improve compactability. Wisconsin De-
partment of transportation (WisDOT) implemented a method called “regressing air voids”,
in which the mixture is designed at 3∼3.5% air voids by increasing the binder content by
0.3∼0.4%, compared to the traditional 4% air voids Superpave mixtures[39]. The additional
binder increases the compactability of mixtures and allows achieving higher field densities.
Another method, developed as a result of joint research by Purdue University, Heritage
Research Group, and Indiana Department of Transportation (INDOT), is the “Superpave
5”, in which the asphalt mixtures are designed at 5% air voids and also compacted to
5% air voids in the field. This idea is achieved by significantly reducing Ndesign to 30
or 50, depending on traffic levels. In this method, Ndesign is related to compaction effort
rather than traffic volume, which guarantees the consistency between laboratory and field
compaction. Superpave 5 mixtures are designed by adjusting aggregate gradation while
keeping the effective binder content unchanged, compared to traditional Superpave[40, 19].
Inspired by these research efforts, Minnesota Department of Transportation (MnDOT)
and University of Minnesota have started working on developing a high-density mix design
method, similar to Indiana Superpave 5 method, based on the use of locally available mate-
rials. Phase one of this study focused on understanding the compaction process of asphalt
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mixture, and developing mechanical model and numerical tools to simulate the compaction
process[41]. This paper presents research performed as part of phase two of this study, in
which the current situation of field density in Minnesota is investigated, with the goal of
answering the following questions:
• What is the current level of field density in Minnesota? How much improvement is
needed to achieve the desired field density of 95% Gmm required by Superpave 5?
• Are field compaction values consistent with laboratory compaction values?
• What options are available in the current mix design, to increase compactability and
field density?
In this research, the information obtained from 15 MnDOT projects, which includes
field density data, mix design report, and material properties, are used. Statistical analyses
are performed to investigate the probability distribution of field densities, and to determine
the effects of nominal maximum aggregate size (NMAS) and traffic levels, respectively, on
field density values. A correlation analysis is then conducted to identify the significant
correlations between the compactability and material properties. The identified correlations
can be used to design more compactable mixtures.
2.2 Project Information
Data obtained from fifteen MnDOT projects constructed in 2018 and 2019 were used in the
investigation. All mixtures were designed using the current Superpave volumetric mixture
design method[12] to 4% of design air voids at a designed number of gyration (Ndesign).
The Ndesign value varies from state to state[42]. In Minnesota, the Ndesign for traffic level
3 (1-3 million ESAL), 4 (3-10 million ESAL), and 5 (10-30 million ESAL) are 60, 90, and
100, respectively[43]. All mixtures were used in the wearing course and contained reclaimed
asphalt pavement (RAP), ranging from 17% to 30% by weight.
Table 2.1 details the mix design information of the seven mixtures with NMAS = 9.5mm;
two of them are level 3, and the other five are level 4. Table 2.2 details the mix design
information of the eight mixtures with NMAS = 12.5mm; three are level 3, three are level
4, and the other two are level 5. For simplification, the mixtures with nominal maximum
aggregate size (NMAS) of 9.5mm were labeled A, and the 12.5mm mixtures were labeled B.
The mixture IDs identify the NMAS and traffic level.
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Table 2.1: Information of MnDOT mixtures with NMAS = 9.5mm














12.5 100 100 100 100 100 100 100
9.5 92 86 87 96 96 88 88
4.75 67 67 65 65 65 65 65
2.36 51 57 50 45 45 53 53
1.18 36 45 38 32 32 42 42
0.6 24 30 28 20 20 28 28
0.3 11 13 15 11 11 14 14
0.15 6 6 6 5 5 6 6
0.075 4.5 3.4 3.8 3.4 3.4 3.2 3.2














RAP Content 20% 30% 20% 19% 17% 22% 15%
Table 2.2: Information of MnDOT mixtures with NMAS = 12.5 mm
Traffic level Level 3 Level 4 Level 5













19 100 100 100 100 100 100 100 100
12.5 95 90 90 94 92 92 91 90
9.5 89 76 78 81 80 83 82 81
4.75 70 57 62 63 60 67 66 65
2.36 50 45 49 46 40 51 51 50
1.18 38 35 38 32 27 37 36 34
0.6 26 26 28 22 19 26 24 22
0.3 13 13 14 12 11 14 13 12
0.15 6 6 5 7 6 6 6 5
0.075 3.6 4.2 2.8 3.5 3.5 3.4 3.3 2.8
















RAP Content 17% 26% 27% 20% 17% 18% 25% 20%
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2.3 Material Properties
Field density is mainly affected by mixtures’ compactability, which is governed mesoscop-
ically by the properties of the main components of asphalt mixtures. In this study, the
following material properties were considered:




AC and RAP content are listed in Table 2.1 and Table 2.2. In this section, aggregate
gradation and aggregate angularity are further analyzed.
The effect of binder type (modified binder), was not considered in this research, because
the 15 projects studied have similar high PG limits, as listed in Table 2.1 and Table 2.2,
and did not provide sufficient information for a valid analysis. In addition, the compaction
temperatures were determined based on the equiviscous principle[44], which should result
in similar binder viscosities at the compaction temperatures.
2.3.1 Aggregate Gradation
Aggregate gradations are listed in Table 2.1 and Table 2.2, and the gradation curves for
NMAS=9.5mm and NMAS=12.5mm mixtures are plotted in Fig. 2.1 and 2.2, respectively.
The Bailey method parameters are employed to further quantify the gradations of the
investigated mixtures. Bailey method is an empirical method that correlates the aggregate
gradation to aggregate packing, which is widely used in mix design for adjusting volumetrics.
In Bailey method, aggregates are separated into different portions by three critical sieve
sizes: the Primary Control Sieve (PCS), the Secondary Control sieve (SCS), and the Tertiary
Control Sieve (TCS). The control sieve sizes are determined using the following relationships:
PCS = 0.22*NMAS, SCS = 0.22*PCS, and TCS = 0.22*SCS.
Aggregate gradation is characterized using the following parameters: Primary Control
Sieve Index (PCSI), Coarse Aggregate Ratio (CA Ratio), Fine Aggregate Coarse Ratio
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Figure 2.1: Gradation curves of mixtures with NMAS = 9.5 mm.
(FAc Ratio), and Fine Aggregate Fine Ratio (FAf Ratio). They are defined by the following
formulae[20]: 
PCSI = %Passing PCS




where the Half Sieve is the sieve size equal to 0.5*NMAS.
PCSI characterizes the overall fineness of all aggregates, CA characterizes the fineness
of the coarse aggregates (aggregates larger than PCS), FAc characterizes the fineness of the
coarse portion of fine aggregates (aggregates larger than SCS but smaller than PCS), and
FAf characterizes the fineness of the fine portion of fine aggregates (aggregates smaller than
SCS).
In addition to Bailey method parameters, we also calculate another parameter called the
distance to maximum density line (dMDL), that is defined as the accumulated difference of the
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Figure 2.2: Gradation curves of mixtures with NMAS = 12.5 mm.





∣∣∣∣%Pass of sieve i− 100× ( DiDmax )0.45
∣∣∣∣ (2.2)
This is based on previous research that showed that mixture compactability is related
to how close the gradation curve is to the maximum density line[40, 19].
The values of Bailey method parameters and dMDL are listed in Table 2.3.
2.3.2 Aggregate Angularity
In the current MnDOT specification[43], aggregate angularity is quantified by three pa-
rameters, the Fine Aggregate Angularity (FAA) (AASHTO T304 Method A)[45], Coarse
Aggregate Angularity of one face (CAA1) and Coarse Aggregate Angularity of two faces
(CAA2) (ASTM D5821)[46].
The physical meaning of FAA value is the volume fraction of fine aggregate in special
packing state obtained using AASHTO T304 Method A. CAA1 and CAA2 values represent
the mass percentage of particles having at least the required number of fractured faces,
respectively.
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Table 2.3: Bailey method parameters for MnDOT mixtures
Mixture ID PCSI (%) CA FAc FAf dMDL
A3-1 51 0.48 0.47 0.19 33.46
A3-2 57 0.3 0.53 0.11 49.32
A4-1 50 0.43 0.56 0.14 27.92
A4-2 45 0.57 0.44 0.17 41.16
A4-3 45 0.57 0.44 0.17 41.16
A4-4 53 0.34 0.53 0.11 35.52
A4-5 53 0.34 0.53 0.11 35.52
B3-1 50 1.08 0.52 0.14 81.97
B3-2 45 0.49 0.58 0.16 42.37
B3-3 49 0.55 0.57 0.1 59.77
B4-1 46 0.72 0.48 0.16 52.07
B4-2 40 0.78 0.48 0.18 41.59
B4-3 51 0.75 0.51 0.13 69.17
B5-1 51 0.69 0.47 0.14 64.27
B5-2 50 0.67 0.44 0.13 58.77
Aggregate angularity increases with traffic level. The required minimum FAA for traffic
level 3, 4 and 5 are 42%, 44% and 45%, respectively. The corresponding values for CAA1
are 55%, 85% and 95% respectively. There is no minimum requirement of CAA2 for traffic
level 3, while for traffic level 4 and 5, the required minimum CAA2 values are as 80% and
90%, respectively[43].
The values of the angularity parameters, obtained from the quality control and quality
assurance (QC&QA) data, are listed in Table 2.4.
2.4 Statistical Analysis of Field Density
A total of 1354 density values from field cores were collected from the QC&QA phase of
the 15 projects. The density of a field core was determined by the test method, AASHTO
T166[47], if it does not contain open or interconnecting voids. Otherwise, it was determined
by the test method, ASTM D1188[48]. The probability distribution of the field densities
is first analyzed. Then, an analysis of variance (ANOVA) is conducted to identify if traffic
levels and NMAS have any significant effect on field densities. In Minnesota, 92% Gmm is
the minimum requirement of the as-constructed field density for the 4% air voids Superpave
mixtures. A compaction lot with field density less than 92% Gmm will be penalized while
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Table 2.4: Aggregate angularity for MnDOT mixtures
Mixture ID FAA (%) CAA1 (%) CAA2 (%)
A3-1 42.6 91.4 NA
A3-2 NA NA NA
A4-1 44 91.04 87.86
A4-2 44.63 91.88 91.13
A4-3 44.5 92 91.4
A4-4 43.8 96.1 95.8
A4-5 44.04 97.91 97.91
B3-1 42.67 84.33 NA
B3-2 42 99 99
B3-3 42 96.5 NA
B4-1 44.1 98.4 97.5
B4-2 44.9 98.9 97.8
B4-3 NA NA NA
B5-1 45.69 98.53 98.53
B5-2 45 97.88 97.88
Table 2.5: Basic statistics of field density data
Statistics Mean (%) Median (%) Std. (%) Skewness Kurtosis
Value 93.4 93.5 1.45 -0.44 3.68
bonus will be given if the field density is greater than 93% Gmm.
2.4.1 Probability Distribution
The probability distribution of all field core density data is plotted in Fig. 2.3. The basic
statistics are listed in Table 2.5.
As shown in Fig. 2.3, field densities approximately follow normal distribution, with a
mean of 93.4% Gmm and a standard deviation of 1.45% Gmm. As listed in Table 2.5, the
skewness, -0.44, indicates that the distribution is a bit left-skewed (skewness < 0), which
means that the distribution is denser in the right side (higher density side) or has a longer
tail in the left side (low density side). The kurtosis, 3.68, indicates that the distribution is a
bit leptokurtic (kurtosis > 3), which means that the peak of the distribution is a bit taller
than the normal distribution. The left-skewed and leptokurtic properties can be seen from
the overall shape of the histogram under scrutiny2.
2The origin of the left-skewed and leptokurtic features are discussed in Chapter 6
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Figure 2.3: Probability distribution of field density data. (The red curve is a normal distribution
regression of the data).
To further check the normality of the distribution of the overall data, a q-q (quantile-
quantile) plot is drawn in Fig. 2.4. Again, it reveals the left-skewed property of the overall
data, while in the middle range, from 91% to 96% Gmm, the distribution matches the normal
distribution very well.
The cumulative distribution of the overall density data is plotted in Fig. 2.5. It shows
that 16% of the field cores are less dense than the minimum MnDOT requirement, 92%
Gmm [43]. The vast majority (87%) of field cores are less dense than 95% Gmm, which is
considered as the desired field density level [40, 19] for a Superpave 5 mixture. Therefore, to
achieve this desired field density level, most of the current mixtures need to be redesigned
to improve their field compaction.
The field density distribution of each project is also analyzed. It is found that all projects
approximately follow normal distribution. The boxplots of field densities of each mixture
are shown in Fig. 2.6. Their means and standard deviations are summarized in Table 2.6,
which will be used later in the correlation analysis in Section 2.5.
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Figure 2.4: Normal distribution q-q plot for field density data.
2.4.2 Analysis of Variance (ANOVA)
The 15 projects can be grouped by their NMAS and traffic level, as is denoted by their
mixture IDs shown in Table 2.1 and Table 2.2. A two-way ANOVA is conducted in this
section to investigate if these two factors have any significant effect on the variation of field
densities.
Table 2.6: Mean and standard deviation (std,) of field density data for each mixture
Mixture ID Mean (%) Std. (%) Mixture ID Mean (%) Std. (%)
A3-1 94.07 1.5 B3-1 93.77 1.24
A3-2 93.56 1.24 B3-2 94.53 1.11
A4-1 92.87 1.38 B3-3 94.55 0.86
A4-2 93.71 1.14 B4-1 92.85 0.96
A4-3 93.15 0.96 B4-2 93.01 1.04
A4-4 94.56 1.43 B4-3 92.41 1.65
A4-5 93.36 1.22 B5-1 92.69 1.61
B5-2 93.72 1.38
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Figure 2.5: Cumulative distribution of field density.
The two-way ANOVA is conducted by testing the following three pairs of hypotheses:H01 : The mean densities of mixtures separeted by NMAS are equalH11 : The mean densities of mixtures separeted by NMAS are not equal (2.3)
H02 : The mean densities of mixtures separeted by traffic level are equalH12 : The mean densities of mixtures separeted by traffic level are not equal (2.4)
H03 : There is no interaction effect between NMAS and traffic levelH13 : There is interaction effect between NMAS and traffic level (2.5)
Results of the two-way ANOVA are shown in Table 2.7. It can be seen that the main
effect of NMAS on field density is not significant since its p-value 0.6385 is greater than the
significance level 0.05, while the main effect of traffic level and the interaction effect between
NMAS and traffic level are significant even at a significance level of 0.001.
The two-way ANOVA indicates whether there is a significant difference caused by NMAS,
traffic level and their interaction. To further explore where exactly the significant difference
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Figure 2.6: Boxplot of field density data of each mixture.
Table 2.7: Two-way ANOVA calculation table
Source of Variation SS df MS F ratio p-value
NMAS 0.44 1 0.439 0.22 0.6385
Traffic Level 288.31 2 144.153 72.57 <0.001
NMAS*Traffic Level 79.59 2 39.796 20.04 <0.001
Error 3090.73 1556 1.986
Total 3405.84 1561
Note: “NMAS*Traffic Level” represents the interaction between NMAS and traffic level. SS
stands for sum of squares. df stands for degrees of freedom. MS stands for mean square.
comes from, a Tukey method multiple pairwise comparison is conducted[49]. The results of
the multiple comparison are shown in Fig. 2.7, 2.8 and 2.9 for the main effect of NMAS, main
effect of traffic level, and the interaction effect between NMAS and traffic level, respectively.
In these figures, circles and stars represent the mean density values of groups, and the error
bars represent the 95% confidence interval of the means. Groups shown significant difference
in Tukey method multiple comparison are plotted in different colors.
As shown in Fig. 2.7, the main effect of NMAS is not significant, with the means for
9.5mm and 12.5mm NMAS equal to approximately 93.35% Gmm. There is, however, a slight
downwards trend in field density as NMAS increases.
The main effect of traffic level on field density is shown in Fig. 2.8. Clearly, there is
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Figure 2.7: Comparison between mixtures grouped by different NMASs.
a downwards trend in field density with the increase in traffic level. Traffic level 3 has
significantly higher field density (94% Gmm) than traffic level 4 and 5, while traffic level 4
and 5 are not significantly different, with their field densities both around 93% Gmm.
The significant effect of traffic level on field density is a result of the different requirements
of Ndesign and aggregate angularity for different traffic levels. Higher traffic level mixtures
require higher Ndesign and higher aggregate angularity than lower traffic level mixtures.
The details of the requirement have been introduced in section 1 and section 3.2. More
specifically, requirements of Ndesign and aggregate angularity are more different between
traffic level 3 and 4 than that between traffic level 4 and 5, which explains why the field
densities are also more different between traffic level 3 and 4, than that between traffic level
4 and 5. This explanation is confirmed later by the correlation analysis in section 5, where
significant correlations of field density with Ndesign and aggregate angularity are identified.
The interaction effect between NMAS and traffic level is shown Fig. 2.9. All groups
separated by both NMAS and traffic level are significantly different from each other, except
for the pair between traffic level 4 & NMAS =12.5 and traffic level 5 & NMAS=12.5. It can
be seen that the trend line becomes steeper as NMAS increases from 9.5 to 12.5mm, which
means the negative effect of traffic level on field density becomes more significant as NMAS
increases from 9.5 to 12.5mm.
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Figure 2.8: Comparison between mixtures grouped by different traffic levels.
2.5 Correlation Analysis
An analysis is conducted to identify the significant correlations between mixtures’ com-
paction properties (represented by field densities (FD) and Ndesign) and material properties.
The material properties include the asphalt binder content (AC), reclaimed asphalt pave-
ment content (RAPC), aggregate gradation (characterized by NMAS, CA, FAc, FAf, and
dMDL), and aggregate angularity (characterized by FAA, CAA1, and CAA2). The meanings
of these parameters were previously introduced in section 3.
In this investigation, we interpret FD as an indicator of field compactability since, phys-
ically, FD means how dense the mixture can be compacted under a relative consistent field
compaction effort. Field compactability of mixtures increases with the increase in FD.
Similarly, Ndesign can be interpreted as an indicator of laboratory compactability, since,
physically, Ndesign is the laboratory compaction effort (number of gyration) needed to reach
the design air voids (4%). A higher Ndesign indicates a less compactable asphalt mixture in
laboratory conditions. This interpretation of Ndesign is different from the original one[50] in
which Ndesign was related to traffic volume compaction, and, indirectly, to rutting resistance.
Table 2.8 shows the p-value of the correlation analysis. If the p-value of a pair is less than
the significance level of 0.05, then we can conclude the correlation of that pair is statistically
21
Figure 2.9: Comparison between mixtures grouped by both NMAS and traffic level.
significant. Eleven pairs are shown having significant correlations, and they are shaded in
Table 2.8. The correlation coefficients are listed in Table 2.9, and the pairs having significant
correlations are again shaded.
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Table 2.8: p-values for the correlation analysis
FD Ndesign AC RAPC NMAS PCSI CA FAc FAf dMDL FAA CAA1 CAA2
FD 1 0.02 0.164 0.154 0.655 0.722 0.248 0.176 0.546 0.563 0.005 0.87 0.595
Ndesign 1 0.635 0.089 0.984 0.517 0.843 0.042 0.907 0.642 <0.001 0.205 0.715
AC 1 0.135 0.716 0.68 0.621 0.904 0.479 0.855 0.164 0.925 0.077
RAP 1 0.727 0.2 0.158 0.118 0.17 0.778 0.247 0.216 0.428
NMAS 1 0.207 0.003 0.843 0.935 0.001 0.817 0.269 0.019
PCSI 1 0.121 0.303 0.003 0.757 0.685 0.591 0.932
CA 1 0.267 0.317 0.001 0.777 0.235 0.428
FAc 1 0.047 0.882 0.009 0.922 0.966
FAf 1 0.35 0.695 0.664 0.722
dMDL 1 0.829 0.535 0.067




Table 2.9: Coefficients of correlation
FD Ndesign AC RAPC NMAS PCSI CA FAc FAf dMDL FAA CAA1 CAA2
FD 1 -0.59 0.38 0.39 -0.13 0.1 -0.32 0.37 -0.17 -0.16 -0.73 -0.05 0.19
Ndesign 1 -0.13 -0.45 -0.01 -0.18 0.06 -0.53 0.03 -0.13 0.94 0.38 -0.13
AC 1 -0.4 0.1 -0.12 0.14 -0.03 0.2 0.05 -0.41 0.03 0.58
RAP 1 0.1 0.35 -0.38 0.42 -0.37 0.08 -0.35 0.37 0.28
NMAS 1 -0.35 0.71 0.06 -0.02 0.74 -0.07 0.33 0.72
PCSI 1 -0.42 0.29 -0.71 0.09 -0.12 -0.16 0.03
CA 1 -0.31 0.28 0.77 0.09 -0.35 0.28
FAc 1 -0.52 -0.04 -0.69 0.03 0.02
FAf 1 -0.26 0.12 -0.13 -0.13
dMDL 1 -0.07 -0.19 0.6




The significant correlations identified are illustrated in Fig. 2.10. The variables are
grouped according to their physical meanings into two categories: compactability and ma-
terial properties. Material properties are further separated into two categories: aggregate
angularity and gradation. The significantly correlated pairs are connected by arrows, and
the coefficients of correlation are listed along the arrows.
Figure 2.10: Diagram of the identified significant correlations.
It can be seen from Fig. 2.10 that within the category of compactability, FD and
Ndesign are significantly correlated, with a negative coefficient of correlation of -0.59. Given
that FD and Ndesign represent field and laboratory compactability of mixtures, respectively,
their correlation indicates that the laboratory gyratory compaction and field compaction are
consistent. In other words, mixtures that compact better in the laboratory also compact
better in the field. This finding is critical, because it suggests that field compaction can be
reasonably predicted by laboratory gyratory compaction, which lays the foundation for the
design of more compactable asphalt mixtures.
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The main focus is the correlations between compactability variables and material prop-
erties. It can be seen that both field compaction (FD) and laboratory compaction (Ndesign)
are significantly correlated to FAA. More specifically, better field and laboratory compaction
are achieved with lower FAA. Also, laboratory compaction (Ndesign) and FAA are both sig-
nificantly correlated to FAc that characterizes the gradation of the coarse portion of fine
aggregate. More specifically, better laboratory compaction is achieved with higher FAc.
The correlation analysis reveals significant effects of fine aggregate angularity (FAA) and
fine aggregate gradation (FAc) on mixtures’ compactability. Both fine aggregate angularity
and fine aggregate gradation point to the packing properties of fine aggregates. Mesoscop-
ically, the compactability depends on the packing of aggregate which further depends on
aggregate angularity and gradation. Therefore, the identified effects of fine aggregate grada-
tion and angularity on compaction indicate an overall strong effect of fine aggregate packing
on compactability. This is not entirely surprising given the fact that in the current test
method (AASHTO, T304, method A), FAA actually represents a measure of fine aggregate
packing.
These significant correlations suggest that a first step towards designing more com-
pactable mixtures is using a denser fine aggregate packing that can be achieved by decreas-
ing FAA or increasing FAc. Decreasing FAA, however, may reduce rutting resistance, since
the original requirement on FAA was intended to control rutting. Therefore, reducing FAA
needs to be combined with other changes to ensure rutting resistance is not affected, such
as optimizing coarse aggregate packing, using Bailey method.
In Fig. 2.10, a number of correlations within the material properties are also identified,
and are shown the pairs connected by black arrows, in contrast to blue arrows used for
pairs in different categories. However, material properties should be independent of each
other. For example, CAA2 and NMAS are the coarse aggregate angularity and aggregate
size, respectively. They are clearly independent because physically aggregates can have
any angularity regardless of the particle size. These correlations are artificial and are a
result of the low representativeness of the sampling. For example, the positive correlation
between CAA2 and NMAS shows that the mixtures investigated happen to have more
angular coarse aggregates as their NMAS increases. Also, the 15 mixtures investigated use
similar aggregates and similar gradations, which could be another reason for these significant
correlations between material properties.
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2.6 Conclusions
In this research work, the current situation of field densities in Minnesota was investigated,
to identify possible changes to the current mix design to improve field compactability. The
following conclusions were drawn from this study.
1. The as-constructed field density data obtained from 15 projects in Minnesota, approx-
imately follows a normal distribution, with a mean of 93.4 % Gmm, and a standard
deviation of 1.45 % Gmm.
2. The vast majority (87%) of field cores are less dense than 95% Gmm, which is considered
the desired field density level for a Superpave 5 mixture. Therefore, to achieve this
desired field density level, most of the current mixtures need to be redesigned to
improve their field compaction.
3. Field densities vary significantly between mixtures designed for different traffic levels.
Higher field densities are achieved for mixtures designed for lower traffic levels, which
can be attributed to the different requirements for Ndesign and aggregate angularity
compared to mixtures designed for higher traffic levels.
4. Field density is significantly correlated to Ndesign of mixtures. Higher field density
is achieved with lower Ndesign, which shows the consistency between field compaction
and laboratory compaction, and indicates that field density can be controlled in the
mix design phase by choosing an appropriate Ndesign.
5. Field density is significantly correlated to fine aggregate angularity and fine aggregate
gradation. Higher field densities are achieved using a lower fine aggregate angularity
and a finer coarse portion of fine aggregate. Both fine aggregate angularity and fine
aggregate gradation affect fine aggregate packing.
The results of this research indicate that a possible way to design more compactable mix-
tures is to optimize fine aggregate packing to improve compactability, while concurrently
optimizing coarse aggregate packing to ensure that rutting resistance is not sacrificed.
Chapter 3
Effect of Tribological Property of
Asphalt Binder on Compaction of
Hot Asphalt Mixtures1
Recent studies proved that the addition of small percentages of graphite nanoplatelets
(GNPs) could significantly reduce the compaction effort required to densify HMA. Viscosity
measurements showed, however, that the addition of GNPs increased the viscosity of the
binder. This observation pointed towards the presence of a different mechanism responsible
for the reduction of compaction effort. A new test method, used for lubricants and based
on tribology, has been recently proposed in order to characterize the lubricating behaviour
of asphalt binders. In this study, the tribological characterization of an asphalt binder mod-
ified with GNPs is performed. A novel approach, in which aggregate surface microtexture
is simulated using rough surfaces of the testing fixtures, shows that indeed the addition of
GNPs lowers the friction coefficient, and therefore, enhances the lubrication properties of
the binder when mixed with mineral aggregates.
1This chapter is adopted from the following manuscript:
T. Yan, L. P. Ingrassia, R. Kumar, M. Turos, F. Canestrari, X. Lu, and M. Marasteanu. Evaluation of




Significant efforts have been devoted to developing new types of asphalt pavement materi-
als, which exhibit better mechanical performance and enhanced durability. With the major
advance in nanotechnology, there has been an emerging interest in applying nanoscale ma-
terials to asphalt pavement materials [52, 53, 54]. Among them, considerable interest has
been directed to carbon-based nanomaterials. One common type of such materials is the
carbon nanotubes (CNTs). It was shown that the addition of CNTs could reduce fatigue
and permanent deformation of asphalt mixtures, enhance the resistance to thermal cracking,
and reduce aging [55, 56, 57]. However, the high cost of CNTs makes them unsuitable for
large-scale application to asphalt pavements. A much more cost-effective carbon-based nano-
materials is represented by graphite nanoplatelets (GNPs). The GNPs are nano-discs with
a sub-micrometer diameter and a thickness of approximately one nanometer. The GNPs
are produced from either graphene or natural graphite. If GNPs are prepared directly from
graphene, each platelet typically consists of several layers of graphene sheets, which are a
single layer of carbon atoms. Depending on its type and carbon purity, the cost of GNPs
is around 3 $/lb (i.e. about 6 euro/kg), which is about three times the price of a typical
modifier, SBS, but it is significantly lower than the cost of multi-wall CNTs.
In recent studies, Le et al. [31, 32] have shown that the addition of small amounts of
GNPs to asphalt binders can significantly improve the cracking resistance of asphalt binders
and mixtures at low temperatures. A moderate addition of GNPs of 3% to 6% by weight
of the binder resulted in 130% increase in flexural strength. For some asphalt mixtures, the
addition of 6% GNP by weight of binder almost doubled the fracture energy. However, one of
the most interesting results was the significant reduction in the number of gyrations required
to achieve a target air void content. As shown in Fig. 3.1, to reach 95% compaction, mixtures
with no GNP, 6% GNP, and 8% GNP need about 30, 40, and 60 gyrations respectively.
Viscosity measurements indicated, however, that the addition of GNPs increased the
viscosity of the binder [2]. Such discrepancies between the binder viscosity and the mixture
compaction behaviour have been already observed by other authors, who pointed out the
drawbacks of an experimental approach based only on the study of viscosity [58, 59]. In
addition, other studies [60, 61] have shown that the mixture compactability does not improve
linearly as the temperature increases, but, on the contrary, it gets worse above a certain level
of temperature, although viscosity decreases progressively with temperature.
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Figure 3.1: Compaction curves for mixtures prepared with asphalt binders with and without
GNPs (blend A represents the original PG 58-28 plain binder with no GNP, blend B represents
the binder with 6% GNP of binder weight and blend C represents the binder with 8% GNP of
binder weight).
Most likely, a different mechanism is responsible for the reduction of compaction efforts.
In this regard, a new test method, used for lubricants and based on tribology, has been
recently proposed in order to characterize the lubricating behaviour of asphalt binders [62,
63, 64, 65]. In this study, the tribological characterization of asphalt binders modified with
GNPs is performed. A novel approach, in which aggregate surface is simulated using rough
surfaces of the testing fixtures, shows that indeed the addition of GNPs lowers the friction
coefficient, and, therefore, enhances the lubrication properties of the binder.
3.2 Mechanism of Friction and Lubrication
In tribology, the lubrication properties of a material placed between two solids in relative
motion is normally described through the Stribeck curve (Fig. 3.2), which shows the evo-
lution of the coefficient of friction µ as a function of the sliding speed [63, 64]. The change
in the coefficient of friction values is due to the variation of the thickness of the lubricating
film, as shown in Fig. 3.2. The Stribeck curve can be generally divided into four regions,
which correspond to different regimes of lubrication [63, 64]:
• the boundary regime (a), occurring when the lubricating film is thin and, consequently,
a high µ is determined by the strong interaction between the asperities of the solids;
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• the mixed regime (b), where a reduction of µ occurs, because of the increased thickness
of the lubricating film, which reduces the direct contact between the solids;
• the elasto-hydrodynamic regime (c), in which the minimum µ is reached, because the
thickness of the lubricating film is able to completely separate the solid surfaces;
• the hydrodynamic regime (d), where the film is so thick that there is a new increase
of µ, depending on the viscous drag of the lubricant.
Figure 3.2: Stribeck curve.
However, beside the sliding speed, other important parameters also govern the phe-
nomenon. Since friction is not an intrinsic property of the material but of the overall system,
it strongly depends also on the nature, surface roughness and wear of the solids in contact
[63, 64]. Such factors are extremely crucial mainly when the lubricating film is not thick
enough to separate all solid asperities. Furthermore, the thickness of the lubricating film
depends also on the normal load between the solids and, for thermo-dependent materials
such as bitumen, on the temperature, which controls the viscosity [64].
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Even though the use of nanoparticles to improve the lubrication properties of asphalt mix
is new to the world of asphalt binder, their use in the lubrication industry is well established.
The role of nanoparticles in friction reduction has been investigated by many researchers
and the mechanism involved can be described as follow: rolling effect [66, 67], protective film
[68, 69, 70], mending effect [71] and polishing effect [72]. The first two mechanisms belong
to the direct effect of nanoparticles on lubrication improvement. Spherical nanoparticles are
likely to roll between the frictional surfaces and play the role of ball bearings (Fig. 3.3(a)).
In addition, the nanoparticles form a thin protecting film on the surface thereby reducing the
friction between two surfaces (Fig. 3.3(b)). The other two mechanisms are the secondary
effect of nanoparticles on surface enhancement. The nanoparticles deposit on the frictional
surface forming a tribo-film to compensate for the loss of mass known as mending effect (Fig.
3.3(c)). In addition, the roughness of the rubbing surfaces is reduced due to the abrasiveness
of the hard nanoparticles known as polishing effect (Fig. 3.3(d)).
For the problem of interest (i.e. the compaction of GNP modified asphalt mixtures),
a phenomenon similar to the mending effect is expected to occur, as hypothesised in a
previous study [2]. Indeed, GNPs could place between the asperities of the aggregates,
providing overall a reduced roughness and therefore an improved lubrication with respect
to the base bitumen, as schematized in Fig. 3.4.
Figure 3.3: Lubrication mechanisms of nanoparticles: (a) rolling effect; (b) protective film; (c)
mending effect; (d) polishing effect (from [1]).
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Figure 3.4: Scheme of the bitumen film between aggregate surfaces: (a) without GNPs; (b)
with GNPs [2].
3.3 Experimental Investigation
In this study, a plain PG58-28 bitumen was used as base binder. A GNP made of a synthetic
graphite material with 99.66% carbon and 0.34% ash, characterized by an enhanced surface
area equal to 250 m2/g, was added to the asphalt binder in two proportions: 3% and 6%
by weight of the binder. The 3% and 6% blends were prepared at University of Minnesota
(USA) using a high shear mixer to better disperse GNP into binder. No clustering of GNPs
was observed during the preparation of the samples. The blends were then stored in 85 g
cans. Half of the cans were shipped to Nynas (Sweden) to be tested and the other half was
kept and tested at University of Minnesota.
Tribological tests were performed using a ball-on-three-plates fixture mounted on a Dy-
namic Shear Rheometer (DSR). The fixture employed at Nynas is schematized in Fig. 3.5.





where FF−TOT and FN,tribo−TOT are, respectively, the total friction force and the total
normal force experienced by the specimen, calculated as in Eq. 3.2 and 3.3:
FF−TOT = 3 ·
T












where FN is the axial force of the DSR, T the torque, rball the radius of the ball and
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α the angle between the plates and the horizontal plane (45◦ for the ball-on-three-plates
fixture, see Fig. 3.5). Since the geometry of the fixture is known, in order to determine the
coefficient of friction, it is sufficient to impose the axial force and the rotational speed and
measure the resulting torque value.
The ball-on-three-plates fixture used at the University of Minnesota is similar to the one
presented in Fig. 3.5, but some parts are slightly different from the ones used at Nynas. As
shown in Fig. 3.6, the fixture has five different components: a lower cup, three steel plates, a
steel ball, a shaft and a ring to attach the ball to the shaft. In the lower cup there are three
plates with an angle of 45◦ with respect to the horizontal plane and the asphalt sample.
The steel ball is attached to the shaft, which then gets attached to the DSR head. It is
worth pointing out that, unlike the fixture used at Nynas, in which the plates are screwed
and therefore perfectly fixed in the lower cup, in the fixture used in Minnesota the plates
are not screwed but they are simply placed into three flat grooves in the lower cup (Fig.
3.6(c)). For the abovementioned reason, they have a certain degree of freedom to move at
the very beginning of the test, resulting in an initial compliance of the fixture not observed
with the equipment used at Nynas, as shown hereafter.
Figure 3.5: Scheme of the tribological fixture used for testing at Nynas (9).
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Figure 3.6: Tribological fixture used at University of Minnesota: (a) general view; (b) compo-
nents of the fixture; (c) lower cup and testing plates.
In order to simulate as much as possible the typical compaction temperatures for hot
mix asphalt (HMA) and warm mix asphalt (WMA) mixtures, 110◦C, 130◦C and 150◦C were
considered as testing temperatures. All tests were carried out with steel ball and steel plates
as substrate. Specifically, the contact points between ball and plates were always different for
each specimen, in order to avoid the possible influence of wear and thus reduce the number
of variables in the experiments. During the tests, the axial force FN was kept constant and
equal to 10 N, while the rotational speed was increased in logarithmic steps from 0.1 to 1433
rpm. These testing conditions were selected for comparison with previous studies [62, 64].
All tests were performed based on a protocol previously developed by Ingrassia et al. [64].
The experimental investigation also included viscosity tests. In Sweden, the tests were
performed using the DSR cone and plate geometry, characterized by a radius of 20 mm
and a slope of 2◦, while in Minnesota viscosity was obtained with a Brookfield viscometer
equipped with the standard SP 27 spindle. The same temperatures as tribological tests
(110◦C, 130◦C and 150◦C) were investigated.
All testing performed at Nynas was done using an Anton Paar DSR equipment, while
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all tribological testing performed at University of Minnesota was done using an AR 2000
TA Instruments DSR equipment.
3.4 Viscosity Results
As an example, Fig. 3.7 shows the viscosity results obtained at Nynas. As expected, the
viscosity values decrease with the increase in temperature. Moreover, it is worth noting
that the adopted cone and plate configuration seems reliable for evaluating the shear rate
dependency of the binders. In this sense, only for the binder with 6% GNP at 110◦C the
viscosity value may slightly depend on the shear rate.
Figure 3.7: Cone and plate viscosity results (Nynas).
Similar results were obtained at the University of Minnesota by using a Brookfield vis-
cometer. Table 3.1 summarizes the average viscosity values at 110◦C, 130◦C and 150◦C, at
which Newtonian behaviour could be broadly assumed for all binders. It can be noted that
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the viscosity values obtained at Nynas and University of Minnesota are generally compa-
rable. Based on the values of the cone and plate viscosity, the increase in viscosity (with
respect to the control bitumen) due to the addition of GNPs is approximately equal to 15%
and 30% for the binders with 3% GNP and 6% GNP, respectively, at all testing tempera-
tures. In the case of Brookfield data, the viscosity increase is smaller (around 5-10% for the
blend with 3% GNP and about 25% for the blend with 6% GNP).
In summary, these results confirm that the improvement in the workability of GNP
mixtures, observed by Le et al. [31, 32], cannot be explained by a viscosity reduction.
Table 3.1: Average viscosity values of the binders tested [Pa·s]
Temperature
[◦C]







110 1.32 1.28 1.52 1.35 1.69 1.57
130 0.43 0.37 0.49 0.4 0.55 0.48
150 0.17 0.15 0.2 0.16 0.22 0.19
3.5 Tribological Results Using Smooth Surfaces
The tribological results obtained with smooth substrates are shown in Fig. 3.8 (Nynas) and
Fig. 3.9 (University of Minnesota). At Nynas, the Stribeck curves were obtained as the
average of at least eight replicates (four consecutive replicates on each specimen tested).
Specifically, according to the protocol by Ingrassia et al. [64], the first replicate on the
specimen was discarded, because it was considered as a “pre-run” to allow the formation of
the lubricating film. At University of Minnesota, the Stribeck curves were obtained similarly,
by discarding the first replicate and considering the average of the five subsequent replicates
on the specimen.
In Fig. 3.8, the boundary (a), mixed (b) and elasto-hydrodynamic (c) regimes can be
qualitatively identified according to Fig. 3.2. From Fig. 3.8(a), it can be observed that, at
110◦C, the three lubrication regimes are identified at very low, intermediate and high speeds,
respectively. With the temperature increase, the same lubrication regimes are identified for
progressively higher values of speed (Fig. 3.8(b)-(c)), due to the lower viscosity of the binder.
Moreover, a general lubrication improvement is achieved by increasing the temperature, since
the values of µ are between 0.08 and 0.22 at 110◦C, between 0.06 and 0.18 at 130◦C and
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Figure 3.8: Tribological results with smooth surfaces obtained at Nynas: (a) 110◦C; (b) 130◦C;
(c) 150◦C.
between 0.05 and 0.16 at 150◦C (Fig. 3.8). As for the results from University of Minnesota
(Fig. 3.9), the same regimes are observed as well as their shift towards higher speeds when
temperature increases. However, the intervals of speed related to every lubrication regime
are relatively different as compared to Nynas results. In addition, in general, lower values of
µ were obtained in Minnesota with respect to those obtained in Sweden, probably because
of the slightly different properties of the ball and plates provided by the two manufacturers
(and, more generally, due to the differences between the devices employed). Nevertheless,
the determination of the absolute value of the friction coefficient is not the main focus of
this study, whose objective is primarily to evaluate the effect of GNP modification (which is
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Figure 3.9: Tribological results with smooth surfaces obtained at University of Minnesota: (a)
110◦C; (b) 130◦C; (c) 150◦C.
discussed below). It has also to be noted that the main difference between the values of µ
measured at Nynas and those measured at University of Minnesota is at very low speeds (≤
0.2 rpm), in the region highlighted in Fig. 3.9. As already explained above, this difference
is due to the fact that the fixture employed in Minnesota shows a certain compliance at the
beginning of the test because of the sliding of the plates. Consequently, these results should
be neglected. Also in this case (as for the Nynas results), a slight reduction of friction is
observed as temperature increases, especially in the elasto-hydrodynamic regime (c) (Fig.
3.9).
As far as the comparison between the binders is concerned, a general increase of the
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coefficient of friction is observed for all temperatures and lubrication regimes after the ad-
dition of GNPs in the case of Nynas results (Fig. 3.8). Specifically, the blend with 3%
GNP generally exhibits intermediate values of µ as compared to the control bitumen and
the blend with 6% GNP. On the contrary, in terms of ranking of the binders, a clear trend
linked to GNP content cannot be observed from the University of Minnesota results (Fig.
3.9). It is also worth noting that, in general, the differences between the blends seem smaller
with the increase in temperature (Fig. 3.8 and Fig. 3.9).
Overall, it can be stated that the testing protocol adopted in Sweden as well as in
Minnesota leads to consistent results and the proposed test method (adapted from the
lubricants’ field) is appropriate to investigate the lubricating properties of asphalt binders,
with or without any kind of modification.
However, in both cases (Fig. 3.8 and Fig. 3.9), the possible improvement of the lubrica-
tion properties of the control binder due to the addition of GNPs is not observed, at least
for the testing conditions considered.
As a possible interpretation of these results, Fig. 3.10 shows a direct correlation between
the viscosity and the minimum coefficient of friction measured in the elasto-hydrodynamic
regime (c) for all binders and temperatures, based on the results obtained at Nynas. The high
value of the correlation coefficient R2 indicates that in the elasto-hydrodynamic regime (c)
the lubricating behaviour of the material mainly depends on its viscosity, as already observed
by Ingrassia et al. [64] in a previous study on WMA binders. Therefore, given the increased
viscosity obtained after the addition of GNPs, the potential lubrication improvement cannot
occur in this regime. In addition, it is unlikely that during the compaction of the asphalt
mixture a thick film of bitumen completely separates aggregates (as it would happen in the
hydrodynamic regime (d)), because of the high working temperatures normally adopted.
Consequently, a possible reduction of friction due to GNPs should be sought in the boundary
(a) and mixed (b) regimes, in which, however, the influence of the substrate properties is
crucial.
Based on such considerations, a second testing phase was carried out, as described in
the following section.
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Figure 3.10: Correlation between minimum coefficient of friction and viscosity, based on Nynas
results.
3.6 Tribological Results Using Rough Surfaces
During the first part of this study, the original manufactured geometry was used on both
DSR devices, in which the ball and the plates have shiny and smooth surfaces. However, the
use of smooth surfaces is not representative of the surface roughness of natural aggregates
in asphalt mixtures. In the second testing phase, the surfaces of the ball and of the plates
were roughened to better simulate the surface of the aggregates. The method consisted in
immersing the ball and the plates in hydrochloric acid (HCl) for three days. Hydrochloric
acid corroded the surfaces of the parts and made them rough and looking like an orange
skin. Fig. 3.11(a)-(b) present the original smooth ball and plate, whereas Fig. 3.11(c)-(d)
present the ball and plate after they were removed from the acid.
Also for these tests, the contact points between ball and plates were always different for
each specimen to avoid the influence of wear. During all the tests, the axial force was kept
constant and equal to 10±0.1 N, while the rotational speed was increased in logarithmic
steps from 0.01 radian/sec (≈ 0.1 rpm) to 150 radian/sec (≈ 1433 rpm), analogously to the
previous experimental phase. All tests were carried out at University of Minnesota.
The test performed using the ball and three plates with rough surfaces resulted in a dif-
ferent output. The adoption of rough surfaces (Fig. 3.12) implies–as somehow expected–a
significant increment of the coefficient of friction, which is up to three times higher (even
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Figure 3.11: (a) smooth ball; (b) smooth plate (used); (c) rough ball; (d) rough plate.
more at 150◦C) as compared to the case of smooth substrates (Fig. 3.9). A change in the
lubrication regimes can be also noted with respect to Fig. 3.9, as the boundary (a) and
mixed (b) regions are identified at all temperatures, but the distinction between them is not
very clear from the shape of the curves (Fig. 3.12). In addition, at all temperatures, the
minimum of the Stribeck curve is not reached for any binder, probably because under such
conditions the complete separation between the solid asperities is harder to be achieved and
the minimum shifts towards higher speeds, even though the mixed (b) regime tends to the
elasto-hydrodynamic (c) one at high speeds. As already noticed for the smooth substrate
(Fig. 3.9), also in this case the values of µ measured at low speeds should be neglected, due
to the sliding of the plates in the lower cup. For the rough surfaces, however, the initial value
of µ at low speeds is around 0.2 for all binders and temperatures (Fig. 3.12), whereas for the
smooth substrate this value was around 0.12 (Fig. 3.9). Such different values somehow pro-
vide a measure of the friction given by the steel-on-steel contact, which is obviously higher
for the rough surfaces and almost independent from the testing temperature. Moreover, the
speed range where the possible sliding of the plates occurs gets wider with the tempera-
ture increase (up to about 0.3 rpm at 110◦C, 0.4 rpm at 130◦C and 0.6 rpm at 150◦C, as
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highlighted in Fig. 3.12). It is interesting to observe that, contrarily to what emerged in
the case of smooth substrates (Fig. 3.8 and Fig. 3.9), the coefficient of friction remarkably
increases for all binders as the testing temperature is increased, especially in the boundary
regime (a). This is probably due to the fact that the decrease of the binder viscosity allows
a greater contact between the solid asperities, resulting in higher friction. This finding sug-
gests that a temperature increase may not always be beneficial for the compaction of the
asphalt mixture.
Figure 3.12: Tribological results with rough surfaces (University of Minnesota): (a) 110◦C; (b)
130◦C; (c) 150◦C.
As for the effect of GNP modification, at all three temperatures the coefficient of friction
is reduced by the addition of GNPs in the boundary (a) as well as in the mixed (b) regime
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(Fig. 3.12). At all temperatures, the lubrication properties of the binder are progressively
improved as the GNP amount increases. Specifically, the friction reduction with respect to
the control bitumen increases with the temperature and it is about 20% for the blend with
6% GNP at 150◦C. Conversely, the results are almost the same for all blends once the speed
increases and the regime tends to the elasto-hydrodynamic (c) one.
These results provide a possible explanation for the reduced compaction effort required
to densify HMA with GNPs observed in previous studies [31, 32]. During the compaction
process, the aggregates move with a small relative speed, which is probably comparable to
the boundary (a) and mixed (b) speed regime of this test, and, thanks to an effect similar
to the mending one, the nanoparticles stored on the aggregates’ rough surface improve the
compaction properties of asphalt mixtures.
3.7 Conclusions
The objective of this study was to examine the effect of graphite nanoplatelets (GNPs)
on the lubricating behaviour of asphalt binders in an attempt to correlate the lubrication
properties of the GNP modified binder with the enhanced compactability observed for GNP
modified asphalt mixtures. Three binders were tested: the PG 58-28 binder (control), the
PG 58-28 binder with 3% of GNP by weight, and the PG 58-28 with 6% of GNP by weight.
Both viscosity and tribological tests were conducted to study the viscous and lubricating
behaviour of the binders, respectively. In the tribological experiments, smooth and rough
substrates were considered.
It was observed that the viscosity of the binder increases with the quantity of GNPs. This
observation confirmed that the reduced compaction efforts for GNP asphalt mixtures cannot
be attributed to the reduction in the viscosity of the binder. From the tribological tests, it
was found that GNPs do not improve the lubricating behaviour of the binder in the case
of smooth substrates. Conversely, when rough substrates were considered, the lubrication
properties of the binder were progressively improved in the boundary and mixed regimes
as the GNP amount increased. Since the rough substrate mirrors the actual aggregate
roughness more accurately than the smooth substrate, the enhanced workability of GNP
modified mixtures can be attributed to the fact that GNPs may occupy the space between
the asperities of the aggregates, reducing the overall roughness and thus improving the
lubrication. Moreover, the tribological tests performed with rough substrates demonstrated
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that, for a given binder, friction increases significantly as the temperature increases (i.e. the
viscosity decreases), especially in the boundary regime. This finding once again confirms
that the viscosity is not the only parameter involved in the compaction of asphalt mixtures,
as the interaction between the aggregates plays a crucial role.
Future research can be focused on: 1) Assess more binders and GNP types with rough
surfaces tribological test to further validate this approach; 2) Identify a representative pa-
rameter from tribological tests, to characterize the lubrication effect of binder; 3) Investigate
more in details the correlation between compactability and tribological test results.
Chapter 4
Mesoscopic Mechanisms of
Compaction of Hot Asphalt
Mixtures1
Compaction of asphalt mixtures is a complex physical process, which has not been fully
understood. In this chapter, we investigate the physical mechanisms of compaction, based
on which we propose a new method to evaluate the compactability of asphalt mixtures.
Two mesoscopic physical mechanisms are introduced. One is related to the jamming of
aggregates, which governs the densification process of the mixture. The other is related
to the binder-aggregate interaction, which is responsible for the change of shear resistance
of mixtures during compaction. Based on these mechanisms, six indices are proposed to
characterize the compactability of asphalt mixtures. The proposed indices are applied to
analyse seven asphalt mixtures from the test sections of MnROAD research facility. Statis-
tical analysis is performed to identify correlations between mixtures compactability indices
and material compositions, such as gradation and binder content. Based on the most sig-
nificant correlations, multiple linear regression models are developed, which can be used to
design more compactable mixtures.
1This chapter is adopted from the following manuscript:
T. Yan, M. Marasteanu, and J.-L. Le. Mechanism-based evaluation of compactability of asphalt mixtures.




During the construction of asphalt pavements, asphalt mixture is compacted from a loose
state to a dense state by a combination of compression, shear and vibration forces. In this
process, air voids are extruded out from the mixture and the internal aggregate structure is
rearranged to a state such that some level of aggregate interlocking is obtained. Numerous
studies have emphasized the paramount importance of compaction in building a durable and
resilient pavement [74, 5, 6, 7, 8].
In spite of significant research efforts on compaction, inadequate compaction is still a
common problem in current practice. A previous study investigated 40 construction projects
in the United States, and it showed that 55% of them had as-constructed densities less than
92% of the theoretical maximum specific gravity, Gmm, and 78% projects had as-constructed
densities less than desired value of 93% of Gmm [11]. The average ultimate density was
94.6% of Gmm, which is considerably lower than the design value (96% of Gmm). Inadequate
compaction has a significant adverse impact on durability, causing pavement distresses such
as cracking, moisture damage and raveling to initiate at early ages of pavement service life
[11, 38, 10].
The primary reason for inadequate field compaction is the low compactability of asphalt
mixtures. In the United States, the currently used Superpave mix design method (AASHTO
R35 [12]) was developed in the 1990s to mainly control rutting, which was the most preva-
lent distress at that time. To prevent rutting, the design emphasized stiffer mixture after
construction, while the effect on compactability during construction was mainly disregarded.
After the implementation of Superpave, durability related distresses, such as cracking and
raveling, became the most prevalent [13].
To ensure good durability of asphalt pavement, the compactability of mixtures must be
considered in the design phase. Moutier [14] studied the laboratory gyratory compaction
of asphalt mixture and observed an approximate linear correlation between density and
logarithm of number of gyrations. Subsequent studies have focused on the energy dissipation
during compaction process of asphalt mixtures [35, 16, 17, 18]. Based on the idea of energy
dissipation, different energy indices were proposed to evaluate the compactability of mixtures
[16, 17, 18]. Though slightly different, the energy indices were all defined as the integration of
a certain region of the compaction curve, which are related to the area under the compaction
curve. Though the slope of linear correlation and the energy indices serve as global indictors
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of the overall compactability of mixtures, they are phenomenological in nature. There is
lack of understanding how these indicators are related to the physical mechanisms of the
compaction process. To explore the physical mechanism of the compaction process, the
concept of locking point was proposed [15]. The locking point is defined as the number of
gyration at which aggregates interlock with each other, and further compaction of mixture
becomes very hard. While slightly different definitions of locking point have been proposed
[15, 75, 36], they all share the same physical interpretation, which is that compaction process
essentially stops after aggregates interlocking is achieved. However, locking of aggregates
cannot explain how the shear force from the gyratory motion in gyratory compaction affects
the compaction. Without shear, the static pressure alone can only compact mixture to a
very limited level.
The gyratory compaction is a complex process. At the compaction temperature, the
mixture is multiphase, involving solid aggregates, liquid asphalt binder, and air. Also,
different phases are coupled; for example, aggregates interact with each other and also
interact with the binder. In this paper, we introduce different physical mechanisms to
characterize the behavior of the multi-phase compositions of mixtures. Based on these
mechanisms, six compactability indices are proposed to characterize gyratory compaction
curves. These indices are then used to evaluate the compactability of seven asphalt mixtures
used in test sections constructed at the MnROAD research facility.
4.2 Mesoscopic Mechanisms of Compaction
Gyratory compaction of asphalt mixtures is performed under a combination of compression
and shear forces. As shown in Fig. 4.1, during gyratory compaction, the asphalt mixture
is confined in a cylindrical steel mold and is compressed by the external pressure P and
gyratory sheared at an angle α. The direction of the shear is rotating at a rate of ω, called
gyration rate. The deformation of material during gyratory compaction can be decomposed
into the volumetric deformation and deviatoric deformation (distortion). The density change
of materials is a result of the volumetric deformation, while density is conserved during pure
distortion. The volumetric and deviatoric behaviors are often assumed to be uncoupled [76].
However, this is not the case for the compaction of asphalt mixture, where the densification
and distortion influence each other. On one hand, the density of mixture affects the stress
needed to distort the mixture, namely its shear resistance: the shear resistance first increases
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and then decreases with the increase in density. On the other hand, the distortion also
affects densification; in the gyratory compaction, the rate of densification increases with the
increasing amplitude of distortion, which is the angle of gyration α [77].
Figure 4.1: Sketch of gyratory compaction
This coupling effect of densification and distortion originates from the material compo-
sition of asphalt mixture. In this study, two mesoscopic physical mechanisms are proposed
to explain these coupling effects, namely the effect of shear motion on densification process,
and the effect of densification on shear resistance. The corresponding physical mechanisms
proposed are the jamming of aggregates and the binder-aggregate interaction.
The jamming mechanism was first proposed and discussed in granular physics [78, 79].
However, it has not been used before to investigate the compaction of asphalt mixtures. For
this reason, we will first briefly introduce the original concept of jamming, and then describe
how the jamming concept can be applied to the compaction process. Since the concept of
jamming mechanism was originally proposed for dry granular systems [78, 79], it cannot
fully explain compaction process, which also involves interstitial fluid like asphalt binder.
Therefore, in this study we propose to consider another mechanism, namely the binder-
aggregate interaction, to account for the effect of asphalt binder on compaction. By adding
the binder-aggregate interaction, we extend the original jamming concept to granular-liquid
systems, such as asphalt mixtures.
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4.2.1 Jamming of aggregates
For granular materials, jamming of aggregates is believed to be the main physics accounting
for the transition between the fluid-like and solid-like phase [78, 79, 80]. Granular materials,
such as sand and aggregates, can flow under vibration or shear, but will jam to a certain
state when the intensity of vibration or shear is lowered. A jammed state of aggregates is the
state in which aggregates interlock with each other and cannot have any further movement
under a static loading.
The jamming process can be illustrated by the jamming phase diagram [79]. As shown in
Fig. 4.2(a), jamming is affected by two factors, the volume fraction of aggregate φ and the
shear resistance τ . The system of aggregates gets jammed when φ reaches a critical value
φJ . When φ > φJ , the system can still get unjammed, by applying a shear force higher than
the shear resistance. Note that, by considering the possibility of unjam the system beyond
the locking point, we can further explain the effect of shear on the densification process of
compaction.
Figure 4.2: (a) Jamming phase diagram, (b) potential energy of different configurations.
The jamming phase diagram is then used to explain the densification process during
compaction. As shown in Fig. 4.2(a), when φ < φJ , the state represented by point A, the
aggregates are separated from each other, and the system can be easily deformed with zero
shear resistance, which corresponds to the fluid-like phase. If a static pressure is applied
to reduce the total volume of the system, φ will increase and reach the critical volume
fraction φJ that represents the beginning of the jammed phase. Once φJ is reached (point
B), aggregates become jammed, and cannot be further densified by pure static compression.
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Therefore, φJ represents the maximum volume fraction of aggregates that the system can
reach under static compression.
Once the aggregates are jammed, the system starts to develop shear resistance. To
further densify the material, external excitations, such as shear or vibration, need to be
applied to overcome the shear resistance to unjam the system, and enable it to evolve to a
denser state. This is shown in Fig. 4.2(a): the system evolves from point C to D, and then
to E. If the system is at a state represented by point C’, a jammed state, it cannot evolve
to the denser state D’ through the line C’ → D’ directly. Instead, the feasible path is C’ →
C → D → D’, which means that, in order to evolve to point D, the jammed state C’ is first
unjammed to state C by applying excitations to overcome shear resistance.
The jamming mechanism can also be understood from the analysis of the energy land-
scape [81], which is also applicable to the compaction of asphalt mixtures. For a system of
aggregates, the potential energy provided by the static compression decreases as the volume
of the system decreases. Therefore, potential energy decreases with the increase in volume
fraction of aggregates φ, as shown in Fig. 4.2(b). If aggregates are free to move and rear-
range, the whole system tends to evolve to the state with the minimum potential energy,
which is also corresponding to the densest state of aggregate packing (greatest φ). Each
jammed state of aggregates represents a local minimum of the potential energy, as shown
in Fig. 4.2(b). Under pure static compression, without external excitations, the system is
trapped in that local minimum state. If external shear or vibration is applied, the external
energy enables the system to overcome the energy barrier (i.e., enable the aggregates to
unjam so that they can rearrange) and move to configurations with lower and lower energy
states, which correspond to denser and denser packing states of aggregates. The transition
from C to D and E in Fig. 4.2(b) exemplifies this process.
Based on the physical mechanism of jamming, the densification process of compaction
can be viewed as the evolving of jammed states of aggregates under the excitation of shear
(e.g., laboratory gyratory compaction) or vibration (e.g., vibration roller compaction in the
field).
4.2.2 Binder-Aggregate Interaction
The physical mechanism of aggregate jamming explains the effect of shear on densification
process, but it cannot fully explain the evolution of shear resistance during compaction. As
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shown in Fig. 4.2(a), jamming mechanism alone predicts that the shear resistance increases
as the density increases. However, as shown by the experimental data of this study and
other studies [35, 16, 17, 36], the shear resistance in gyratory compaction first increases but
then decreases with increase in density. In this study, we postulate that the decrease in shear
resistance of mixture during the latter part of compaction is caused by the binder-aggregate
interaction. To explain the interaction between aggregates and binder, we adopt the pore
pressure and effective stress concepts from critical state in soil mechanics [82]. Similar to
the role of water in soil, binder in the mixture can also develop pore pressure when most
of air voids are extruded out (when φ reaches a certain level). The total stress is the sum
of effective stress from the solid contact of aggregates and the pore pressure in the liquid
binder, i.e.:
p = peff + ppore (4.1)
where p is the total stress; peff is the effective stress; ppore is the pore pressure.
At a constant p, an increase in ppore leads to a decrease in peff . The shear resistance
of granular materials depends on the friction between their constituent particles, and the
friction is proportional to peff [82]. The pore pressure ppore of binder does not contribute
to friction, since the binder serves as lubricant in the aggregate-binder system.
We now explain the compaction process of asphalt mixtures by combining the mecha-
nisms of jamming and aggregate-binder interaction. A schematic jamming phase diagram
for asphalt mixtures with a certain binder content can be sketched in Fig. 4.3(a). At the
beginning of the compaction process, when the mixture is in a relatively loose state, e.g.
point C, when mixture is compressed, the binder can flow to occupy the space from available
air voids, and pore pressure cannot develop. In the latter phase of compaction, e.g. point D,
the available space from air voids has decreased considerably, and the binder has no space
to flow and ppore increases. Since the total stress is kept constant during compaction, peff
decreases accordingly, which therefore, causes the decrease of shear resistance.
It should be noted that Fig. 4.3(a) differs from Fig. 4.2(a) because of the binder-
aggregate interaction. Since the interaction between aggregates and binder becomes more
evident as the binder content increasing, the binder content should be considered as another
parameter for the jamming phase diagram of an aggregate-binder system. We therefore
propose a more general phase diagram for aggregate-binder system as sketched in Fig. 4.3(b),
in which the third axis, the volume fraction of binder (φbinder), is added. As shown, when
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Figure 4.3: (a) Jamming Phase diagram of mixture with a fixed binder content, (b) generalized
Jamming phase diagram of the aggregates binder system.
φbinder = 0%, there is no aggregate binder interaction, so the φ − τ relationship returns to
that shown in Fig. 4.2(a), whereas for a certain amount of binder content φbinder, due to
the aggregate binder interaction, the φ− τ relationship becomes that shown in Fig. 4.3(a).
More generally, τ can be viewed as a function of both φ and φbinder and can be represented
by a surface in the τ − φ− φbinder coordinates.
The feasible domain of φ and φbinder has to satisfy three additional constrains listed in
Eq. 4.2. 
0% < φ < φm
0% < φbinder < 100%
φ+ φbinder = 100%
(4.2)
The first inequality says that φ is bounded by 0% and the maximum volume fraction
φm corresponding to the closest packing of aggregates. The second one says that φbinder
is bounded by 0% and 100%. The third one says that the volume fraction of binder plus
aggregates cannot exceed 100%. Based on these three inequalities, the feasible domain is
marked as the grey trapezoid region in Fig. 4.3(b).
Drawing an analogy with soil consolidation, for gyratory compaction of asphalt mixture
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the condition can be viewed as undrained, since material is confined in the steel mold. Even
for field compaction, where there is no real confinement, due to the high viscosity of the
binder, the time scale for binder to drain out is very large compared to the speed of the
compaction, therefore, the proposed mechanism of binder-aggregate interaction is applicable
to both laboratory gyratory compaction and field compaction.
4.3 Interpretation of Gyratory Compaction Curves and
Mechanism-Based Compactability Indices
The two physical mechanisms proposed in the previous section are now used to interpret
gyratory compaction curves. Compaction data, obtained from a typical gyratory compaction
test, is used in Fig. 4.4(a), (b), and (c) for this purpose.
Figure 4.4: Typical compaction curves, (a) densification curve, (b) semi-logarithmic densifica-
tion curve, (c) shear resistance curve.
Fig. 4.4(a) shows the densification process that takes place during compaction. In order
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to emphasize the role of the jamming process, the volume fraction of aggregate φ is chosen
as the y-axis, instead of the commonly used % Gmm (percentage of the theoretical maximum
specific gravity).
Fig. 4.4(c) shows the change of shear resistance with number of gyration. The shear
resistance of the mixture is evaluated by the tilting moment, measured during gyratory
compaction using the Gyratory Load Plate Assembly (GLPA) of the Pine G2 gyratory
compactor. The GLPA has three load cells from which the eccentric moment of the static
pressure on the upper loading plate can be measured. This eccentric moment is called the
tilting moment [35]. The tilting moment measures the moment needed for shearing the
mixture to a fixed angle, the angle of gyration. Therefore, the tilting moment can serve as
a good representation of the shear resistance of mixtures.
As shown in Fig. 4.4(c), the shear resistance reaches its maximum at a certain number
of gyration, then starts to decrease. This phenomenon of the maximum shear resistance was
first studied by Guler et al. [35] and was considered as an indication of unstable mixtures.
In a later study, Shamsi and Mohammad [36] showed that the number of gyration at which
the shear resistance was maximum had a high correlation with the traditional locking point,
which implies that a certain degree of locking may have already formed. However, no
explanation was given for why there is a maximum shear resistance as the density increases.
This phenomenon can be explained by the proposed physical mechanisms. The increase
in the shear resistance at the beginning of compaction is a result of the aggregate jamming,
in which the shear resistance increases with an increasing volume fraction of aggregates φ,
as shown in Fig. 4.2(a). The decrease in the shear resistance in the later part of compaction
is a result of aggregate binder interaction. As φ increase, at a certain point, the increase in
pore pressure of binder will cause the reduction of the effective stress peff in aggregates and
therefore reduces the shear resistance of mixture.
Fig. 4.4(b) presents the same data as Fig. 4.4(a) but in the semi-logarithmic scale. As
shown, N and φ exhibit an approximately linear relationship in the semi-logarithmic scale
plot, which confirms the results of Moutier [14].
Based on this interpretation of gyratory compaction curves, the following indices are
proposed to evaluate the compactability of mixtures:
1. Nmm: the number of gyrations, corresponding to the maximum tilting moment.
2. Mmax: the maximum tilting moment, corresponding to the maximum shear resistance.
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3. φ@Nmm: packing fraction at Nmm.
4. Sp: the slope of the linear least squares regression of φ versus N , for N > Nmm which
characterizes the rate of evolution of jammed states after Nmm is reached.
5. Sm: the slope of the linear least squares regression of the tilting moment versus N ,
for N > Nmm which characterizes the rate of evolution of shear resistance after Nmm
is reached.
6. Slog: the slope of the linear least squares regression of φ versus logN , which charac-
terizes the rate of densification.
These proposed indices provide a more detailed characterization of the compaction pro-
cess, including the characterization of both the densification process and the change of shear
resistance. Since the proposed indices are anchored by physical mechanisms, they are ex-
pected to exhibit better correlations with material compositions. It is important to note
that the proposed indices cannot be obtained for dry aggregate systems, for which a critical
gyratory number Nmm does not exists.
4.4 Material Composition of MnROAD Asphalt Mixtures
A statistical analysis is performed next to investigate how the material composition of the
asphalt mixture, such as binder content and aggregate gradation, relate to the proposed
compactability indices.
4.4.1 Material Information
Seven asphalt mixtures, used in the construction of test sections at MnROAD in 2016, were
selected for the analysis. Detailed information is shown in Table 4.1. The composition is
presented in terms of weight percentages. RAP_AC denotes the asphalt binder contribution
from recycled asphalt pavements (RAP), and RAS_AC denotes the asphalt binder contri-
bution from recycled asphalt shingles (RAS). RAC represents the total Reclaimed Asphalt
Binder Content, which includes both RAP and RAS. No rejuvenators were used in these
mixtures.
The aggregates used to make the seven mixtures come from similar sources, and therefore,
they have similar properties. The coarse aggregate angularity is 98 (percentage of at least
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Table 4.1: Mixture information
Mixture ID Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
Cell Number Cell 16 Cell 17 Cell 18 Cell 19 Cell 20 Cell 21 Cell 23
Binder PG 64S-22 64S-22 64S-22 64S-22 52S-34 58H-34 64E-34
% RAP 20 10 20 20 30 20 15
% RAS 5 5 0 0 0 0 0
% RAP_AC 1.23 0.62 1.23 1.23 1.85 1.23 0.92
% RAS_AC 0.87 0.87 0 0 0 0 0
% RAC 2.1 1.49 1.23 1.23 1.85 1.23 0.92
% Total AC 5.27 5.43 5.43 5.7 5.32 5.38 5.23
two fractured faces). The fine aggregate angularity is 47 (fine aggregate packing fraction).
The percentage of flat and elongated particles (dimensional ratio larger than 5:1) is 3%. The
only difference in aggregate properties for these mixtures is the aggregate gradation.
4.4.2 Aggregate Gradation Analysis
The gradations of the aggregates are listed in Table 4.2. The mixtures share the same
nominal maximum aggregate size (NMAS), which is 12.5 mm.
Table 4.2: Aggregate gradation of mixtures
Percent passing, %
Sieve size, mm Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
19 100 100 100 100 100 100 100
12.5 93.9 93.1 93.7 93.7 93.3 93.7 93.1
9.5 83.1 81.1 82.7 82.7 81.4 82.7 81
6.25 68 65.2 67.4 68.3 66 67.4 64.3
4.75 61 57.9 60.4 61.6 58.9 60.4 56.6
2.36 45.5 42.2 43.5 45.3 43.7 43.5 39.8
1.18 32.5 29.9 30.8 31.5 31 30.8 28.1
0.6 22 20.3 21 20.7 20.7 21 19.3
0.3 13.3 12.7 12.8 11.8 11.9 12.3 12
0.15 8 7.8 7.6 6.5 6.7 7.6 7.3
0.075 5.3 5.2 5 4.1 4.3 5 4.9
The Bailey method and distance from the maximum density line are used to characterize
aggregates gradation. The Bailey method is an empirical method for selecting and adjusting
aggregate gradation in mixture design [20]. Studies have shown that the Bailey method
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parameters are strongly correlated with the compactability of mixtures [21, 83].
In the Bailey method, three critical sieve sizes are defined. The first is the Primary
Control Sieve (PCS), which separates the coarse and fine aggregates. The PCS is defined
as the closest sieve to 0.22×NMAS. Similarly, the Secondary Control Sieve (SCS) is defined
as the closest sieve to 0.22×PCS, and the Tertiary Control Sieve (TCS) is defined as the
closest sieve to 0.22×SCS.
The passing percentage of PCS (%PCS) shows the overall fineness of the blend. The
larger the %PCS, the finer the blend.
Three ratios of passing percentage are defined to characterize the gradation at different
scales. Coarse Aggregate ratio (CA) is defined as Eq. 4.3, to characterize the gradation of
coarse aggregates. Similarly, Fine Aggregate Coarse ratio (FAc) and Fine Aggregate fine
ratio (FAf) are defined as Eq. 4.4 and 4.5, to characterize the gradation of the coarse portion













where “%” before the critical sieve sizes meaning the passing percentage of the corresponding
sieve. As the CA, FAc, or FAf increases, the corresponding portion of the aggregates becomes
finer.
Compactability of mixtures is also related to how close the gradation curve is to the
maximum density line (MDL) [40, 19]. The MDL is defined as a power-law gradation curve,
i.e., %Pass of sieve size Di = 100 × (Di/Dmax)n, where Dmax is the maximum aggregate
size and n=0.45 [84, 85]. The MDL on the 0.45 power gradation chart is represented by a
straight diagonal line [86]. Therefore, we define another parameter called the distance to
MDL (dMDL), which is calculated as the sum of the absolute difference between the gradation




∣∣∣∣%Pass of sieve i− 100× ( DiDmax )n
∣∣∣∣ (4.6)
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The calculated Bailey method parameters and dMDL for the seven mixtures are summa-
rized in Table 4.3.
It is important to note that the seven mixtures studied are fine-graded, and the critical
sieve sizes had to be adjusted [20]. All critical sieve sizes are scaled down by a factor of 0.22.
FAf cannot be calculated since, after the adjustment, the new TCS becomes too small (less
than 0.075mm).
Table 4.3: Parameters to characterize gradation
Mixture ID Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7
% PCS 48.4 48.1 48.3 45.7 47.4 48.3 48.5
CA Ratio 0.808 0.78 0.772 0.783 0.811 0.772 0.752
FAc Ratio 0.364 0.384 0.362 0.314 0.324 0.362 0.378
dMDL 55.3 41.6 50.3 58.2 48.9 50.8 38.7
4.5 Compactability Evaluation of MnROAD Mixtures
Gyratory compaction tests of the seven mixtures were conducted during the mix design
phase, according to AASHTO T312 (2019). The compaction temperature was determined
based on the equiviscous principle [44], and varied with the asphalt binder PG. For the seven
mixtures studied, the compaction temperature ranged from 123 to 143◦C. The external
pressure P is 600 kPa, the gyration angle α is 1.16 ◦, and the rate of gyration ω is 30
gyrations per minute. Specimen diameter was 150 mm and the height was 115 ± 5 mm
after compaction. For each mixture, gyratory compactions were conducted at three levels of
total asphalt binder content, 5.0%, 5.5%, and 6.0% (for Mix 3 only, the total binder content
was 4.8%, 5.3%, and 5.8%, respectively). For each level of total asphalt binder content, two
or three replicates were compacted, for a total of 48 gyratory compaction tests. An example
of compaction curves for Mix 1 is shown in Fig. 4.5. The points corresponding to Nmm are
identified by circles.
As seen in Fig. 4.5(a), the replicates with higher total binder content are more com-
pactable, since at a same gyration number, they have a higher packing fraction of aggregates.
As seen in Fig. 4.5(b), the mixtures with the highest total binder content (6%) have a higher
decreasing rate of tilting moment (Sm) after reaching Nmm. The compaction curves of all
other mixtures exhibit similar trends, and are not shown. Based on the compaction curves,
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Figure 4.5: The compaction curves of Mix 1. (a): the densification curve; (b): the shear
resistance curve. Note: the circles identifies Nmm, when shear resistance is maximum
the physical indices are computed and listed in Table 4.4.
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Table 4.4: Compactability indices of different mixtures
AC, [%] Nmm φ@Nmm, [%] Mmax, [N ·m] Sp Sm Slog
5 27 82.48 770.8 0.0519 -0.163 7.376
Mix 1 5.5 28 82.94 772.6 0.0518 -0.345 7.493
6 22.5 82.31 759.4 0.0591 -0.651 7.837
5 26.5 81.79 759.6 0.0569 -0.322 7.819
Mix 2 5.5 18.7 80.96 768.1 0.0665 -0.326 7.683
6 24.3 81.91 776.9 0.0601 -0.522 8.108
4.8 20.5 80.42 738.5 0.0611 -0.133 7.206
Mix 3 5.3 22 81.76 768.8 0.0598 -0.32 7.507
5.8 14 80.26 767.7 0.0788 -0.328 8.003
5 22 81.07 802.5 0.0468 -0.304 6.909
Mix 4 5.5 19.5 80.62 824.6 0.0542 -0.488 7.27
6 22 81.68 858.6 0.0505 -0.609 7.522
5 37.3 83.08 800.9 0.0441 -0.203 7.091
Mix 5 5.5 11 79.98 858.1 0.0804 -0.24 7.495
6 16 81.37 860.6 0.0673 -1.206 7.468
5 37.3 82.81 770.5 0.0485 -0.093 7.697
Mix 6 5.5 29.5 82.57 772.7 0.0564 -0.189 7.953
6 23.7 82.06 767.5 0.0629 -0.419 8.194
5 22 81.73 747.4 0.0628 -0.149 7.864
Mix 7 5.5 25 82.35 738.9 0.0604 -0.368 8.128
6 18 81.05 735.1 0.0712 -0.667 8.379
4.6 Correlations between Mixture Properties and
Compactability Indices
A statistical analysis is conducted to identify correlations between mixtures’ material prop-
erties and the proposed compactability indices. The investigated material properties include:
1. total binder content (%AC),
2. reclaimed binder content (%RAC),
3. Bailey method parameters (%PCS, CA, and FAc), and
4. distance to the maximum density line (dMDL).
Although the viscosity of binder has a profound influence on the compaction process,
it is not investigated in this study since the gyratory compaction tests are conducted at
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temperatures at which the binders have similar viscosities [44]. Meanwhile, shape and
angularity of aggregates are also not considered in this study since similar aggregate sources
were used to prepare the mixtures. The focus of this study is on the effects of asphalt binder
content and aggregate gradation on compaction.
First, a correlation analysis is conducted to identify high correlation pairs. Then, multi-
ple linear regression models for each compactability index are obtained using the best subset
regression method.
4.6.1 Correlation Analysis
Scatter plots of mixtures’ material properties (horizontal axis) versus the compactability
indices (vertical axis) are shown in Fig. 4.6. The data is divided into three groups according
to the total binder content.
In the correlation analysis, the Pearson correlation coefficients, r, and p-value are com-
puted. The p-value is used for the hypothesis test which checks the statistical significance of
the linear correlation. The null hypothesis is “the correlation coefficient is not significantly
different from 0”. If the p-value is less than the significance level (0.05), we can reject the
null hypothesis, and conclude the linear correlation is statistically significant. Otherwise,
we accept the null hypothesis. The calculated r and p-value are listed in Table 4.5. Pairs
that passed the hypothesis test (p-value < 0.05) are identified in bold in Table 4.5.
For each of the correlated pairs, we examine whether the correlation can be explained
by the proposed physical mechanisms. It is observed that the total binder content (%AC)
has the most significant effect on compactability; it is correlated with most compactability
indices, including Nmm, Sp, Sm, and Slog. The negative correlations of %AC with Nmm and
Sm is reasonable from the viewpoint of binder-aggregate interaction. It is easier for mixtures
to develop pore pressure when the binder content is higher, which causes a fewer number of
gyration (Nmm) before reaching the peak shear resistance, and a faster dropping rate (Sm)
of shear resistance when N > Nmm.
The positive correlations of %AC with Sp and Slog indicate that the increase of total
binder content accelerates the densification process. These can also be explained using
the proposed mechanisms; asphalt binder acts as the interstitial fluid that provides the
lubrication between aggregates, and makes it easier for the jammed state to unjam by shear,
and increases the rate of evolving from one jammed state to another.
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Figure 4.6: Scatter plots between mixture properties and compactability indices
The reclaimed binder content (%RAC) has a positive correlation withMmax and a nega-
tive correlation with Slog, which indicates that %RAC has an adverse effect on compaction,
because it tends to increase shear resistance and decrease densification rate. These cor-
relations are reasonable because, compared to virgin binder, reclaimed binder has higher
viscosity and less lubricated which have adverse impacts on compaction.
The Bailey parameters are correlated with Mmax and Slog. The results of %PCS shows
that the increase in the proportion of fine aggregates (the increase in %PCS) decreases
the maximum shear resistance (Mmax), and increases the overall densification rate (Slog).
The result shows that the increase in the fineness of the coarse portion of aggregates (the
increase in the CA) leads to an increase in the maximum shear resistance (Mmax), and a
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Table 4.5: Results of pairwise correlation analysis.
%AC %RAC %PCS CA FAc dMDL
Nmm p=0.01 p=0.85 p=0.39 p=0.94 p=0.54 p=0.63
r=-0.35 r=0.03 r=0.13 r=-0.01 r=0.09 r=0.07
φ@Nmm p=0.39 p=0.29 p=0.09 p=0.66 p=0.27 p=0.75
r=-0.13 r=0.16 r=0.25 r=0.07 r=0.16 r=0.05
Mmax p=0.23 p=0.01 p<0.01 p<0.01 p<0.01 p=0.02
r=0.18 r=0.37 r=-0.60 r=0.57 r=-0.71 r=0.34
Sp p<0.01 p=0.65 p=0.16 p=0.60 p=0.41 p=0.03
r=0.41 r=-0.07 r=0.20 r=-0.08 r=0.12 r=-0.32
Sm p<0.01 p=0.23 p=0.23 p=0.13 p=0.19 p=0.87
r=-0.65 r=-0.18 r=0.18 r=-0.22 r=0.19 r=0.02
Slog p<0.01 p=0.01 p<0.01 p<0.01 p<0.01 p<0.01
r=0.55 r=-0.38 r=0.59 r=-0.54 r=0.66 r=-0.54
Note: The boldfaced cells have p-value<0.05, which indicates the linear correlation is
statistically significant.
decrease in the overall densification rate (Slog). The results of FAc indicate that the increase
in the fineness of the fine portion of aggregates (the increase in FAc) causes a decrease in
the maximum shear resistance (Mmax), and an increase in the overall densification rate
(Slog). The results of %PCS and FAc are consistent with practical experiences that the
compactability of mixtures increase with the increase in the fineness of aggregates. However,
the results of CA suggest that the coarseness of the coarse portion of aggregates would
improve the compactability.
The distance to the maximum density linear, dMDL, is correlated to Mmax , Slog, and
Sp. A reduction in dMDL helps compaction, since it decreases the maximum shear resistance
(Mmax), and increase the rate of densification (Slog, and Sp).
The identified correlations between compactability and aggregate gradation, including
the Bailey parameters and dMDL, can be reasonably explained by the physical mechanism of
jamming. It is clear that different gradation will lead to different critical volume fraction φJ
and maximum dense packing fraction φm of jamming. Higher φJ and φm are corresponding
to higher compactability of mixtures. However, how exactly φJ and φm are affected by
gradation is not clear. Therefore, more research is needed to reveal this relationship.
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4.6.2 Multiple Linear Regression
Multiple linear regression models are used to quantify the effect of each material property
on the compactability indices, and to consider the joint effect between different material
properties.
As shown in the correlation analysis, for a compactability index, not all material proper-
ties have significant correlation with it. Therefore, including all the six material properties as
predictors will over fit the compactability index. A predictor selection process is conducted
to identify the best subset of all material properties.
The best subset selection method [87] is adopted to perform a predictor selection. In
this study, there are 6 material properties, so the subset can have a size ranges from 1 to 6.
For a certain size k, the best subset selection method finds the subset of k predictors that
produces the best fit in terms of the coefficient of determination, R2. The best subsets of
different k are then compared by the adjusted R2. The subset that produces the highest
adjusted R2 is chosen as the final best subset. The adjusted R2 compares the explanatory
power of regression models that contain different numbers of predictors. It is a modified
version of R2 that has been adjusted for the number of predictors in the model [88].
Table 4.6 exemplifies the best subset selection process for Slog. For each subset size, the
best subset is identified and marked in Table 4.6. Among different sizes of subset, it is found
that when size = 4, adjusted R2 gets its maximum (0.773). Therefore, the corresponding
subset, containing 4 predictors (%AC, %PCS, CA, and dMDL), is identified as best subset
for the multiple linear regression model of Slog.
Table 4.6: Best subset regression for Slog
Size of subset %AC %RAC %PCS CA FAc dMDL Adj. R2
1 X 0.423
2 X X 0.688
3 X X X 0.771
4 X X X X 0.773
5 X X X X X 0.771
6 X X X X X X 0.766
Note: The highest adjusted R2 is boldfaced.
The same approach is applied for the other compactability indices, and the best linear
regression models of each compactability index are summarized in Table 4.7.
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Table 4.7: Results of multiple linear regressions
Compactability
indices Best subset regression model Adj.R
2 R2
Nmm Nmm = 65.4− 7.7×%AC 0.104 0.123
φ@Nmm φ@Nmm = 65.3 + 34.2×%PCS 0.041 0.062
Mmax
Mmax = 800.7 + 666.7 × CA − 1264.1 ×






Sm Sm = 2.153− 0.464×%AC 0.41 0.422
Slog
Slog = 2.23+0.524×%AC+19.0×%PCS−
7.89× CA− 0.00723× dMDL
0.773 0.793
R2 is a goodness-of-fit measure of the regression model. As shown in Table 4.7, the values
of R2 of the regression models are relatively low (less than 0.8). This is expected given the
intrinsic randomness of asphalt mixture as a heterogeneous material. Other factors, such as
shape and texture of aggregate particles, which were not captured in this study, influence
this randomness. Also, the regression models only considered the linear case while higher
orders (nonlinear) correlations were ignored, which could be another reason for the low value
of R2.
As shown in Table 4.7, the regression models for Mmax and Slog have reasonable R2s
(0.640 and 0.793 respectively), considering the intrinsic randomness. These models quan-
tified the effect of material properties on compactability, thus will be helpful for mixture
design. The compactability of mixtures can be controlled in design phase by determine the
criteria for Mmax and Slog. Then, these formulas can help determine or adjust the material
properties.
For the regression models of other compactability indices, the R2s are too low (less than
0.422). It implies that the six material properties selected are not capable to fully explain
these compactability indices. To improve the performance of these models, more material
properties need to be further considered, e.g., the shape and angularity of aggregate, and
the rheology of binder and fine aggregate matrix (FAM).
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4.7 Conclusions
In this paper, two physical mechanisms, jamming of aggregates and aggregate binder inter-
action, are proposed to explain the compaction process of asphalt mixture. Based on these
mechanisms, six compactability indices characterizing gyratory compaction data are devel-
oped and used to evaluate the compactability of seven mixtures from MnROAD. Correlations
between compactability and material properties, such as binder content and gradation, were
analysed. The following conclusions were drawn from this study.
• Using the physical mechanism of aggregates jamming, compaction process of asphalt
mixture can be interpreted as the evolving jammed states of aggregates under the
excitation of shear or vibration. This interpretation explains why shear and vibration
enhance densification, and why shear resistance increases with density, showing the
coupling effects between shear and densification process of asphalt mixture.
• The physical mechanism of binder-aggregate interaction explains the decrease in shear
resistance in the latter part of gyratory compaction.
• The statistical analysis identified several correlations between the compactability in-
dices and the material properties. The identified correlations can be well explained
by the physical mechanisms, which, offers support to the validity of the proposed
mechanisms.
• The identified correlations between the compactability indices and aggregate grada-
tion were not fully understood. The correlations can be attributed to the effects of
aggregate gradation on the critical volume fractions of the aggregate jamming, φJ and
φm. However, further research is needed to better understand how φJ and φm are
affected by aggregate gradation.
• The identified correlations between the compactability indices and aggregate grada-
tion were not fully understood. The correlations can be attributed to the effects of
aggregate gradation on the critical volume fractions of the aggregate jamming, φJ and
φm. However, further research is needed to better understand how φJ and φm are
affected by aggregate gradation.
• Multiple linear regression models for each compactability indices were developed using
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material properties. Potentially, the models can be used in mixture design to control
the compactability of mixtures.
Due to the limited number of mixtures studied, the multiple linear regression models
developed may not be applicable for all mixtures. A larger set of mixtures needs to be
further studied to consider a wider range of material properties in the regression models,
such as aggregate shape, angularity, and binder rheology. This study provides a general
approach to evaluate the compactability of mixtures and design denser mixtures that can
significantly improve the durability of asphalt pavements.
Chapter 5
One-Dimensional Nonlocal Model for
Gyratory Compaction of Hot Asphalt
Mixtures1
Gyratory compaction has widely been used to evaluate the compactability of hot asphalt
mixture. Existing efforts on modeling of gyratory compaction have largely been devoted
to sophisticated high-fidelity computational models. This paper presents a simple one-
dimensional nonlocal model for gyratory compaction. The model is anchored by the principle
of mass conversation, in which the local densification rate is formulated as a function of
nonlocal packing fraction. The nonlocal model involves a material characteristic length
scale, which is independent of the specimen size. The nonlocality gives rise to strong effects
of specimen height on the overall compaction curve as well as on the profile of the local
packing fraction. A set of gyratory compaction experiments is performed on specimens of
different heights. It is shown that the model is able to capture the measured size effect
on the compaction curves. A parametric study is performed to investigate the effects of
nonlocality and model parameters on the predictions of compaction curve and profile of
packing fraction.
1This chapter is adopted from the following manuscript:
T. Yan, M. Marasteanu, and J.-L. Le. One-dimensional nonlocal model for gyratory compaction of hot




Compaction of asphalt mixture is an essential step of the construction of asphalt pavements.
During the compaction, asphalt binder, aggregates, and fines are subjected to a combination
of compressive and shear forces as well as external vibration. The compaction process
directly determines the final air void ratio of the asphalt mixtures, and therefore has a
significant consequence for the durability and resilience of asphalt pavements [74, 5, 6, 7, 8,
37]. A high air void ratio will lead to a low material strength [90], and at the same time also
an increased moisture susceptibility [91]. On the other hand, an over-compacted mixture
would be sensitive to high temperature [92]. Therefore, understanding the compaction
process is of critical importance for design of asphalt pavements.
Over the past decades, extensive efforts have been devoted towards experimental investi-
gation of compaction of asphalt mixtures in a laboratory setting. Many different laboratory
compaction testing methods, such as Marshall impact compaction, kneading compaction,
and gyratory compaction, have been developed [93, 94]. Among these methods, the gyra-
tory compaction is considered as one of the best approaches to simulate the field compaction
process [94]. It was adopted as the laboratory compaction method for the current asphalt
mixture design method in the United States (i.e. Superpave mixture design method) [95].
Experimental investigation of gyratory compaction led to the development of different com-
paction indices, e.g., compaction slope [14, 21], locking point [15, 21], and energy indices
[16, 96]. Based on these indices, different correlations between material properties and com-
pactability were established. For example, it was observed that mixtures with more angular
aggregates or less binder content are more difficult to compact [16, 18, 21].
With the advances in computational tools, major research efforts have been directed
towards numerical modeling of the compaction process of asphalt mixtures. The existing
computational models can be divided into two categories, namely the continuum and discrete
modeling approaches. The continuum approach is anchored by material constitutive models.
In some early attempts the critical state model of soil mechanics was adopted for finite
element simulations of the compaction of asphalt mixtures [97]. Recent studies extended
finite-strain elasto-viscoplasticity models to compaction of asphalt mixtures [23, 24, 25, 22].
The continuum models have been successfully used to simulate both the gyratory compaction
and the field compaction of asphalt mixtures. These models are computationally efficient for
large-scale simulations. However, due to the nature of continuum modeling, the models do
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not capture the effect of mesoscale features, such as aggregate shape and size distribution,
on the compactability of asphalt mixtures.
In the discrete approach, the asphalt mixture is modeled as an assembly of particles
(aggregates), and some specific contact model is used to describe the particle interaction.
The main advantage of discrete approach is that it explicitly captures the shape and size
distribution of aggregates, which are believed to have a significant influence on the com-
paction performance. Chen et al. [27, 98] used the discrete element method to simulate
different laboratory compaction experiments including gyratory compaction, vibration, and
kneading. In the simulation, a visco-elastic-plastic contact law was used to describe the
aggregate interaction. In recent studies, more realistic shapes of aggregates (e.g. elongated
and flat aggregates), obtained from X-ray scan, were considered in the discrete modeling
[99, 28, 29, 100]. The model was used to investigate the shape effect of coarse aggregates
on the compaction. Man [30] recently developed a more realistic discrete element model
for compaction of hot asphalt mixtures, in which the composite particle model was used
to simulate the non-spherical aggregates. The inter-particle contact law considered both
the Hertizian-Mindlin contact between coarse aggregates and the lubrication action of the
viscous asphalt binder and fine aggregates. By capturing the motion of each aggregate,
the discrete modeling approach provides more insights into the mechanism of compaction
process. However, the main drawback is the excessive computational cost, which makes it
prohibitive for application to large-scale simulations.
In contrast to computational modeling, very limited efforts have been devoted to ana-
lytical modeling of asphalt compaction. Analytical modeling is advantageous in terms of
computational efficiency. Meanwhile, it also provides an effective means for investigating the
relations between the material properties and the overall compactability of asphalt mixtures.
In this study, we develop a one-dimensional (1D) nonlocal continuum model for gyratory
compaction, based on the mesoscopic mechanism of granular compaction. The proposed
model is calibrated and validated by a set of gyratory compaction tests.
5.2 Model Description
In the gyratory compaction, the loose mixture is contained in a rigid cylindrical mold.
The top plate gyrates horizontally around the central axis at a constant angular velocity
ω. The bottom plate is pushed vertically up under constant pressure P . The mixture is
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compacted to a dense state under the combined compression and shear loading. As shown
in Fig.5.1a, the compaction deformation occurs in the vertical direction, although there is
shear deformation in the horizontal plane. Therefore, we may model the compaction process
by using a one-dimensional model, in which each material point represents a cross-section
of the specimen as shown in Fig.5.1b.
Figure 5.1: Schematics of gyratory compaction of asphalt mixtures: a) test set-up, and b)
one-dimensional model.
5.2.1 Mass Balance Equation
Let x(X, t) denote the position of material point X in the reference configuration at time t,
and ρ(x, t) be the average density of the material of a cross-section at location x and time









We define packing fraction φ as the volume ratio of aggregates and binder to the bulk
volume of the mixture, and the air void ratio can be calculated by 1−φ. By this definition, φ
can be computed as ρ/ρm, where ρm denotes the maximum possible density of the mixture,
which corresponds to the case of a zero air-void ratio. It is clear that Eq. 5.1 can be rewritten
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It is reasonable to consider that, for gyratory compaction, the initial packing fraction of
the mixture is uniform since the effect of gravity is minimal, i.e. φ(X, 0) = φ0. With this





Eq. 5.3 relates the current configuration of the specimen to the local packing fraction based
on mass conservation. It is clear that, to solve the problem, we need the second equation
that relates the packing fraction to the deformation state. The role of this relationship in
the present analysis is analogous to that of material constitutive model in stress analysis.
Clearly, the relation between the packing fraction and deformation state must be tied with
the mechanism of the compaction process.
In this study, we propose a model for the material point velocity v(x, t). The rationale
for investigating the material point velocity is that the compaction of asphalt mixture is
driven by the rearrangement of aggregates in the medium of viscous binder. The aggregate
rearrangement can be regarded as a process of transitions between different packing states
[73]. During the compaction, the external excitation (gyratory motion and compression)
supplies the energy to the system for aggregate rearrangement and transition from a loose
packing state to a denser one. Therefore, the material point velocity v(x, t) must be related
to the rate of the transition between different packing states.
5.2.2 Nonlocal Densification Model
Here we consider a cluster of aggregates, which has a length of l0 and a cross section same
as the gyratory compaction specimen (Fig. 5.2a). As will be discussed later, l0 represents
an essential length scale of the present model. From the viewpoint of energy landscape, each
packing state of the cluster (i.e. configuration of aggregate arrangement) can be considered
as a metastable state. The transition between metastable energy states has been studied
extensively in statistical mechanics, e.g. [103, 104, 105]. One well-known model is the tran-
sition rate theory, which leads to the Kramers equation for the escape rate of a deep energy
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well [103]. The Kramers model is applied to study the general phenomena of state transition
[106]. In the model, the frequency of the transition between two adjacent metastable states
can be described by
f = f0 exp(−Ua/Es) (5.4)
where f0 = reference frequency, Ua = energy barrier across two adjacent states, and Es =
intrinsic energy of the system, which is referred to as the system energy that can activate
the transition between adjacent states. For instance, when applying Eq. 5.4 to thermally
activated process of nanoscale structures, one can consider Es = thermal energy (Es = kbT ,
kb = Boltzmann constant and T = absolute temperature), and Ua as the activation barrier.
Figure 5.2: Aggregate rearrangement in a cluster: a) schematics, and b) energy landscape.
We apply Eq. 5.4 to the transition between different packing states during gyratory
compaction. The aggregate rearrangement is driven by mechanical loading, which is not
a thermally activated process. Here we consider that the intrinsic energy of the cluster of
aggregates is related to the gyratory motion, which induces shearing of the loose asphalt
mixture. As an analogy to the thermal energy for thermally activated process, we consider
Es to be associated with the kinetic energy of the aggregates induced by the shearing motion,




where C = constant, ρa = aggregate density, γ̇ = shear rate induced by the gyration, da =
average aggregate diameter, and Va = volume of the aggregates in the cluster.
Consider the transition between two adjacent packing states. The absolute volume dif-
ference of these two states is denoted by δV . This volume change is driven by the movement
of the bottom plate. Therefore, the energy input by the vertical pressure is given by PδV .
This energy input creates a bias of the energy landscape of the packing states. As shown
in Fig. 5.2b, the energy barrier for transitioning from a loose state to a dense state is lower
than that for transitioning from a dense state to a loose state. The net frequency of the

























where f+V = frequency of transition from a loose state to a dense state, f
−
V = frequency
of transition from a dense state to loose state, and Ub = free energy barrier in absence of
pressure P . Since the compaction is a continuous process consisting transitions between





Consequently, the volumetric strain rate can then be expressed as




where ε0 = −δV/V0 = volumetric strain induced by one state transition (the minus sign
indicates that the cluster volume decreases during the transition).
The energy barrier Ub is related to the packing fraction φ. It is expected that the
rearrangement of aggregates is easier when aggregates are loosely packed (e.g. φ is close to
φ0) and becomes increasingly difficult as φ increases. Therefore Ub must increase with the
packing fraction. Meanwhile, it is important to note that the movement of one aggregate
will cause the rearrangement of the neighborhood aggregates. This collective behavior is
evidenced by the results of discrete element simulations [99, 28, 29, 100, 30].
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Within the framework of continuum modeling, the interaction of the neighboring aggre-
gates can be represented by a nonlocal model. In general there are two classes of nonlocal
models, namely nonlocal integral and gradient models. In integral model, the nonlocal
quantity is calculated as a weighted average of the local quantities in the neighborhood,
whereas in the gradient model the nonlocal quantity is governed by a differential equation.
It has been shown that in 1D the gradient model is equivalent to the integral model with
a particular form of weighting function [107]. Here we adopt an implicit gradient model,
in which the nonlocal packing fraction is governed by the following differential equation






= φ(x, t) (5.10)
where φ̄(x, t) = nonlocal packing fraction of material point, φ(x, t) = local packing fraction
of material point, and la = material characteristic length. Eq. 5.10 can be derived from
the integral model by using the Taylor expansion to express the local quantities in the
neighborhood [107, 109]. The material length la controls the size of nonlocal interaction
zone. In the present model, it is natural to relate la to the cluster size l0. Similar to
nonlocal models for material damage [111, 112], here we consider la to be proportional
to the mean aggregate size da (la = ηda). Furthermore, during the gyratory compaction,
the rearrangement of aggregates and consequently the proportionality constant η is affected
strongly by the viscous behavior of the binder as well as the contact properties of aggregates.
It is clear that Eq. 5.10 must be supplemented by boundary conditions. For gyratory
compaction, the rigid plates at two ends provide significant restraints to the motion of
aggregates [113, 114, 34]. In the present model, this behavior is represented by two essential
boundary conditions for Eq. 5.10, i.e.
φ̄(0, t) = φ̄(L, t) = 1, for t ≥ 0 (5.11)
Based on the foregoing discussion, we propose a simple relation between the energy
barrier and the nonlocal packing fraction as
Ub = U0 + U1〈φ̄− φt〉k (5.12)
where 〈x〉 = max(x, 0), and U0, U1, k, φt = constants. By substituting Eq. 5.12 into Eq. 5.9
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and noting the one dimension nature of the present model, we obtain
∂v(x, t)
∂x





where C1 = f0ε20V0/Es exp(−U0/Es) and C2 = U1/Es. For a particular gyratory compaction
operation on a given asphalt mixture, we may consider C1, C2, k, and φt constants. In the
model, we further enforce densification rate ∂v(x, t)/∂x to be zero if the local packing
fraction reaches one. This condition guarantees that the maximum packing fraction equals
to one. It is interesting to note that a similar form of Eq. 5.13, but in a local framework,
was used to describe the material-point velocity for modeling the density relaxation process
of dry granular under tapping [115, 116, 117].
In Eq. 5.13, the local strain rate is related to the local pressure. Therefore, in principle,
we would need to supplement Eq. 5.13 by an equilibrium equation. By neglecting the
wall friction of the compactor and gravity, the present 1D model indicates that the pressure
remain constant P (x, t) = P . Therefore, Eqs. 5.3 and 5.13 suffice for describing the behavior
of the gyratory compaction in a simplified 1D setting.
5.2.3 Initial and Boundary Conditions and Numerical Solution
A finite difference numerical scheme is used to solve Eqs. 5.3, 5.10 and 5.13. Since the space
is discretized in the reference configuration, it is more convenient to write Eqs. 5.10 and




































In addition to the boundary condition of the nonlocal packing fraction (Eq. 5.11, we also
impose the boundary condition for the top plate (X = 0), where the vertical movement of
the top plate is restrained:
v(0, t) = v0(t) = 0, for t ≥ 0 (5.17)
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x(0, t) = x0(t) = 0, for t ≥ 0 (5.18)
The initial condition of the system is given by xi(0) = Xi.
In the numerical scheme, the reference domain Ω0 (X ∈ [0, L]) is discretized into n equal
intervals, and the nodal coordinates can be written as Xi = i∆X (i = 0, 1, ...n), where
∆X = interval size. To facilitate the finite difference scheme, a pseudo node X−1 is added
at X = −∆X. Let ∆t denote the time step.
Consider we know all the nodal positions xi(t) at time t, and now try to calculate
the nodal position at time step t + ∆t. In the present analysis, the spatial derivatives of
any variable y are evaluated by finite differences: ∂y/∂X|Xi ≈ [yi(t) − yi−1(t)]/∆X, and
∂2y/∂X2|Xi ≈ [yi+1(t)+yi−1(t)−2yi(t)]/∆X2, where the subscript indicates the coordinate
of the grid. By substituting these finite difference approximations into Eqs. 5.14 to 5.19, we
obtain
vi(t+ ∆t) = Fi[x−1(t+ ∆t), x0(t+ ∆t), ..., xn(t+ ∆t)] (i = 0, ..., n) (5.19)
where function Fi relates nodal positions of all grids to the densification rate at grid i at
time t+ ∆t. To ensure the stability of the solution, an implicit scheme is used to determine
the new position of the node Xi, i.e. xi(t+ ∆t) = xi(t) + vi(t+ ∆t)∆t. By substituting the
expression of xi(t+ ∆t) into Eq. 5.19, we obtain a system of equations, from which we solve
the new nodal position xi(t+ ∆t) by using the secant method.
5.3 Experimental Investigation
A set of gyratory compaction tests were conducted to calibrate and validate the model. The
asphalt mixture was designed using the Superpave volumetric design method [95], with a
target air-void ratio of 4% and a 20-year traffic level of 3-10 million equivalent single axle load
(ESAL). The mixture has a binder content of 5.8% by weight. The performance grade of the
binder is PG 58H-28 according to AASHTO M332 [118]. The theoretical maximum density
of the mixture, ρm, is measured to be 2.495 g/cm3 based on AASHTO T209 standard [119].
The nominal maximum aggregate size of this mixture is 9.5mm. The aggregate gradation
of the mixture is listed in Table 5.1.
The salient feature of the present model is the consideration of nonlocality, which nat-
urally involves a material length. A natural consequence is that the predicted compaction
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Table 5.1: Aggregate gradation
Sieve size (mm) 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075
Percent passing (%) 100 97 75 54 36 25 15 7 4.8
behavior would exhibit a strong size effect. To examine this size effect, three specimen sizes
were used in the experiments. The sizes of specimens were controlled by the weight of the
loose mixture used to compact the cylindrical specimens: 2.5, 3.5, and 4.5 kg, respectively.
For each specimen size, two replicates were tested.
The standard method for gyratory compaction, AASHTO T312 [120], was followed. The
loose mixture and the cylindrical gyratory mold were first heated in the oven at the com-
paction temperature. The mixture was then poured into the gyratory mold and compacted
using the gyratory compactor of a diameter of 150 mm. During compaction, the height
of the specimen h was recorded after each gyration. In this research, all specimens were
subjected to 200 gyrations; the compaction temperature was 130◦C. According to AASHTO
T312 [120], the external pressure P is 600kPa; the gyration angle β is 1.16◦; and the rate of
gyration ω is 30 times per minute.
The temperature of the specimens was measured before and after the compaction. At the
beginning of the compaction, all specimens have a similar temperature, which is slightly lower
than the oven temperature 130◦C. During the compaction process, the temperature of the
specimen drops. It was observed that small specimens experience a more pronounced tem-
perature drop. The temperature of 2.5 kg specimens decreases from 128◦C to 96◦C whereas,
for 4.5 kg specimens, the temperature drops from 125.5◦C to 105.7◦C. This difference in
temperature change is due to the fact that small specimens have a larger surface-to-volume
ratio, which allows more heat dissipation.
At the end of gyratory compaction, the final bulk density of the compacted specimen
ρfave was measured following AASHTO T166 [47]. The results are shown in Table 5.2. Based
on the measured evolution of specimen height, the average bulk density of the specimen at







where h(N) denotes the specimen height at the Nth gyration. hf denotes the final height of
the specimen. The average packing fraction of the specimen at the Nth gyration, φave(N),
79





Table 5.2: Average bulk density of compacted specimens
Specimen weight, kg 2.5 3.5 4.5
1 2 1 2 1 2
ρfave, g/cm3 2.391 2.382 2.425 2.43 2.438 2.435
Fig. 5.3 shows the relationship between the average packing fraction φave and the number
of gyrations N , which is referred to as the compaction curve in this research. It is seen that,
for all specimens, the compaction curves feature the same behavior. The packing fraction
increases quickly during the early stage of the compaction (0 < N < 50), and in the
subsequent gyrations the increase in packing fraction occurs at a much slower rate. This
behavior is well expected since it becomes more difficult to rearrange the aggregates at a
higher packing fraction.
Figure 5.3: Experimental compaction curves of different size specimens (lines denote the average
response and shaded areas denote the scatter of the data).
The notable result of the present experiment is that the specimen size has a profound
effect on the compaction curve. For a given number of gyrations, the packing fraction of large
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specimens is higher than that of small specimens. In other words, it is easier to compact
large specimens as compared to small specimens. As shown in Fig. 3, the difference in
compaction curve between specimens of different sizes occurs mainly at the initial stage of
the compaction (0 < N < 50). In the later stage of the compaction, this difference remains
almost unchanged. During the early stage of the compaction, the difference in temperature
drop in specimens of different sizes would not be significant. Therefore, we may conclude
that the difference in the measured compaction curves for specimen of different sizes is not
due to the temperature effect. Within the framework of the present model, the effect of
specimen size on the compaction curve is attributed to the nonlocality of the rearrangement
of aggregates in the viscous binder.
5.4 Simulation of Gyratory Compaction Experiments
The proposed model is used to simulate the aforementioned compaction experiments. The
initial specimen height and initial packing fraction are measured for each specimen prior
to the experiments: φ0 = 0.81, and L = 127, 99, 72 mm for 4.5, 3.5, 2.5 kg specimens,
respectively. The remaining parameters, C1, C2, k, la and φt, need to be calibrated. Due
to the nonlocality, one cannot uniquely determine these parameters by the optimum fitting
of the compaction curve of one specimen size. In this study, the model parameters are
calibrated by fitting of the measured compaction curves of 127 mm and 99 mm specimens,
and the calibrated model is then used to predict the compaction curve of 72 mm specimens.
Fig. 5.4 shows the optimum fitting of the experimental compaction curves of 127 mm and
99 mm specimens by the present model. It is seen that the model can match the experimental
results of these two different size specimens very well, with the coefficients of determination,
R2’s, being 99.55% and 99.69% for 127 mm and 99 mm specimens respectively. The fitting
yields the following values of the model parameters la = 20 mm, C1 = 0.033 MPa−1s−1,
C2 = 341, k = 2.5, and φt = 0.8. Note that the calibrated nonlocal influence length is about
twice the nominal maximum aggregate size.
These fitted parameters are then used to simulate the gyratory compaction of 72 mm
specimen. As shown in Fig. 5.4, the prediction is in good agreement with the measured
compaction curve. The essence of the present model is its capability of capturing the effect
of specimen size on the compaction curve. This is the key consequence of employing the
nonlocal model, which contains a characteristic material length scale invariant with the
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Figure 5.4: Comparison between experimental and simulated compaction curves of different
size specimens.
specimen size. The effect of the nonlocality on the compaction behavior will be further
discussed in the next section.
A common feature of the compaction curve is that the specimen first exhibits a high
compaction rate, which is indicated by the slope of the compaction curve. As the compaction
process proceeds, the compaction rate decreases significantly and the compaction curve
flattens eventually. This collective behavior is well captured by Eq. 5.13 of the present
model, which predicts a decreasing local densification rate for an increasing packing fraction.
In addition to compaction curves, the model also simulates the evolution of packing
fraction profiles, as shown in Fig. 5.5a, b and c for the three different specimen sizes. It
can be seen that for all specimen sizes, as the number of gyrations increases, the packing
fraction profile evolves from the initial uniform distribution gradually to an inverted non-
uniform distribution, which is featured by a low local packing fraction near the specimen
ends, and relatively high local packing fraction in the middle. Such a spatial distribution of
local packing fraction has been observed in previous experimental studies [113, 114, 3, 34]
and DEM simulations [27].
The emergence of the non-uniform distribution of the local packing fraction can be
attributed to the restriction of the rigid loading plates on the aggregate rearrangement
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Figure 5.5: Simulated evolution of local and nonlocal packing fraction profile of different size
specimens: a) 4.5kg specimen, b) 3.5kg specimen, and c) 2.5kg specimen.
and the nonlocal effect. The movement of aggregates near the two ends are significantly
restrained by the loading plates, whereas this restraint effect gradually fades for aggregates
that are away from the ends. In the present model, the effect of the rigid plates is captured
by the nonlocal boundary condition (Eq. 5.11), which imposes a very low densification rate
at the specimen ends. The gradual fading of this boundary effect towards the middle is
described by the nonlocal model, where the nonlocal length governs how fast the restrain
effect of the rigid plates disappears as we move away from the two ends. The model predicts
a decreasing nonlocal packing fraction from the two ends towards the middle, as shown in
Figs. 5.5 a-c. This behavior implies that the densification rate increases from the two ends
towards the middle.
Based on the simulated spatial distribution of φ and φ̄ (Figs. 5.5 a-c), we can divide
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the specimens into two parts: 1) transition region occurring near the two ends, in which
the local packing fraction shows a considerable increase, and 2) stable region in the middle
part, in which the local packing fraction exhibits almost a constant value. The foregoing
discussion indicates that the material in the transition region is strongly affected by the
boundary effect whereas the material in the stable region is less affected.
Comparison between Figs. 5.5a, b and c reveals a strong effect of specimen size on the
spatial distribution of both local and nonlocal packing fractions. It is seen that the ratio of
the transition region to the entire specimen size decreases as the specimen size increases. The
size of transition region can be understood as the size range of the material that is affected
by the rigid plates. In the present model, this size is intimately related to the nonlocal length
scale la. In fact, the absolute size of the transition region for 72, 99, 127mm specimens is
almost a constant. On the other hand, the local packing fraction of the stable region is
almost a constant for all specimens. This implies that, at certain number of gyrations, large
specimens would exhibit a higher average local packing fraction, which explains the size
effect observed in Fig. 5.4.
5.5 Parametric Analysis
5.5.1 Nonlocal averaging length scale
The foregoing discussion reveals the crucial role of nonlocality in prediction of the compaction
behavior of the specimen. In a 1D setting, the extent of nonlocal effect can be described by
the length ratio la/L, Therefore, it is naturally expected that, for a given mixture, specimens
of different sizes would exhibit different compaction behaviors. To further investigate the
effect of nonlocality on the compaction behavior, we repeat the simulation for a wide range of
la/L (la/L = 0, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3), while the other parameters are kept unchanged.
We simulate the compaction behavior for 50 gyrations.
Fig. 5.6 compares the simulated compaction curves for these six cases of la/L. It is
seen that, as la/L decreases, the model predicts an increased compatability over the entire
compaction process. Fig. 5.7 presents the packing fraction profile at 50 gyrations. It is
seen that, for small values of la/L, the transition region becomes negligible. Therefore the
specimen exhibits a lower overall nonlocal packing fraction, and consequently a higher den-
sification rate and an increase in compatability. As la/L decreases to zero, the compaction
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curve converges a limiting form, which corresponds to the solution of the local model.
Figure 5.6: Effect of la/L on compaction curve.
Figure 5.7: Effect of la/L on local packing fraction profile.
We denote the size of the transition region by lm. Fig. 5.8 is generated to show more clear
the relationship between lm and la. It is seen that, when la < 0.25L, we have lm ≈ 2la, which
implies that for a given mixture (given la) the size of the transition region is independent of
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the specimen size. However, when la > 0.25L, the size of transition region is about half of
the specimen. In this case, lm is proportional to the specimen size. This is because, when the
nonlocal length is sufficiently large, the entire specimen would be affected by the boundary,
and therefore the stable region disappears. In this limiting case we have lm/L = 0.5.
Figure 5.8: Relationship between lm/L and la/L.
The foregoing discussion of nonlocal effect also implies the influence of aggregate size on
the compactability of gyratory compaction specimen. Since the nonlocal averaging length is
proportional to the maximum aggregate size, it is clear that the specimen with large aggre-
gate size would exhibit a low compactability, which has been observed experimentally [121].
In addition to the maximum aggregate size, the aggregate gradation could also influence the
nonlocal averaging length. Such dependence has not been studied so far. Nevertheless, if
the size effect experiments on gyratory compaction on specimens made of different aggre-
gate gradations are available, the present model can easily be used to explore the relation
between the nonlocality and the characteristics of aggregate gradation described by some
existing methods such as the Bailey method and the maximum density line [21, 20].
5.5.2 Parameters C1, C2 and k
Parameters C1, C2 and k influence the compaction process through the densification model
(Eq. 5.13). These parameters are closely related to the material properties and gyratory
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motion. Table 5.3 shows the three sets of simulation parameters for investigating the effects
of C1, C2 and k on the overall compaction curve. In this set of parametric studies, we
consider la/L = 0.15 and φt = 0.80.
Table 5.3: Parameters for investigation of the effect of C1, C2 and k
Set C1 (MPa−1s−1) C2 k
1 0.01, 0.02, 0.03, 0.04,0.05, 0.06 341 2.5
2 0.033 200, 300, 400, 500,600, 700 2.5
3 0.033 341 1.5, 2.0, 2.5, 3.0, 3.5,4.0
Figs. 5.9a-c show the effects of the parameters C1, C2 and k on the densification model
respectively. It is seen that C1 has a significant influence on the the densification rate
when the nonlocal packing fraction φ̄ is close to φt. As φ̄ increases, the effect of C1 on
the densification rate attenuates. This behavior is reflected in Fig. 5.10a, which shows
that a larger value of C1 lead to a significant increase in the initial compaction rate, while
compaction rate during the later stage of the process is not affected by parameter C1.
In contrast to C1, both parameters C2 and k have a pronounced effect on the densification
rate for intermediate values of φ̄ (Figs. 5.9 b and c). Figs. 5.10 b and c show the effects
of C2 and k on the compaction curve. It is seen that the compactability improves when C2
decreases or k increases. As indicated by Figs. 5.9 b and c, the initial compaction rate is
not affected by parameters C2 and k. These parameters have a strong influence over the
wide intermediate stage of the compaction process. Figs. 5.10 b and c also shows that, as
compared to C2, parameter k has a stronger effect on the compaction curve.
It is worthwhile to discuss the physical significance of parameters C1, C2 and k in terms of
their relation to the loading conditions and material properties. Based on Eq. 5.13, C1 and
C2 are related to the kinetic energy Es of the aggregates in the cluster. For a given material,
Es is governed by the gyratory motion, which can be controlled by the gyratory angle and
gyratory speed. An increase in either gyratory angle or gyratory speed would enhance the
gyratory motion. Based on the relationships of C1 and C2 with Es, an enhanced gyratory
motion would lead to an increasing C1 and a decreasing C2. Therefore, the model predicts
that both increases in gyratory angle and gyratory speed will accelerate the compaction
process, which is consistent with the experimental observations [33, 122].
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Figure 5.9: Effects of C1, C2 and k on nonlocal densification model: a) C1, b) C2 and c) k.
Meanwhile, C1, C2 and k also manifest the effect of material properties on the com-
pactability of the mixture. It is widely accepted that the viscosity of binder is a key factor
for the compaction process of asphalt mixture. In the present model, a higher binder vis-
cosity implies a higher initial free energy barrier U0 of aggregate rearrangements, and a
more significant increase in the energy barrier due to the increase in packing fraction (i.e.
a higher value of U1 and a lower value of k), and meanwhile a lower reference frequency f0
of transition between two adjacent states. This indicates a decrease in C1 and k and an in-
crease in C2, which leads to a decrease in densification rate and a lower compatibility. Since
the binder viscosity increases with decreasing temperature, the predicted effect of binder
viscosity can also be used to explain the temperature effect on the compaction process.
In addition to the viscosity of binder, the angularity of the aggregates has a profound
influence on compactability [21, 16, 123], and different experimental methods have been
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Figure 5.10: Effects of C1, C2 and k on compaction curve: a) C1, b) C2 and c) k.
developed to measure the angularity [45, 46]. The present model predicts the similar effect
of aggregate angularity on compactability as that of binder viscosity. Large angularity will
lead to a lower value of f0, and a higher and steeper increasing Ub, which consequently
decelerates the compaction process, which has been observed experimentally [21, 16, 123].
It should be mentioned that C1, C2 and k may also depend on other properties, such as
the aggregate gradation. It is clear that a desirable aggregate gradation would correspond
to a low free energy barrier and a high reference frequency of transition. Therefore, it is
expected that the effect of aggregate gradation is qualitatively similar to that of binder
viscosity and aggregate angularity. The quantitative relation between the characteristic of
aggregate gradation and free energy barrier and reference frequency could be determined
through optimum fitting of the measured compaction curves by the present model.
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5.6 Conclusions
A one-dimensional nonlocal model is developed for simulate the gyratory compaction of
asphalt mixtures. The model is formulated by combining the local mass balance law and
a densification model of a cluster of aggregates. Inspired by the transition rate theory, the
densification model relates the transition rate between adjacent states to the energy inputs
by the gyratory motion and compression as well as to the nonlocal packing fraction.
The model predicts an intricate effect of specimen height on the overall compaction curve.
It shows that, for a given number of gyration, the average packing fraction of the specimen
decreases as the specimen height decreases. Meanwhile, the final spatial distribution of
local packing fraction is also strongly dependent on the specimen height. The predicted
size dependence of compaction behavior can be explained by the nonlocality of the local
densification rate.
A set of gyratory compaction tests is performed on hot asphalt mixture specimens of
different heights. The test results show that the compaction curve is strongly dependent
on the specimen height. The comparison between the model prediction and experimental
results validates the present model, which demonstrates the critical role of nonlocality in
the continuum modeling of gyratory compaction.
Through a set of parametric studies, it is shown that the nonlocal length scale plays a
critical role in determining the spatial distribution of the local packing fraction and conse-
quently the overall compaction curve. The model parameters can be related to the set up of
the gyratory compaction and the material properties, such as the binder viscosity, angular-
ity of aggregates, and aggregate gradation. The model yields predictions on the qualitative
effect of material properties on the compaction behavior, which are consistent with existing
experimental observation. A more extensive experimental investigation would be required
to establish the quantitative relations between these properties and compatibility.
Chapter 6
Effect of Randomness on Compaction
of Hot Asphalt Mixtures
Randomness is inevitable in the construction process of asphalt pavements. Thus, charac-
terizing randomness and its effect are essential for designing reliable asphalt pavements. In
Chapter 5, a 1D nonlocal model was developed to simulate gyratory compaction process of
asphalt mixtures. However, the effect of randomness is not studied; all model parameters
were deterministic in Chapter 5. Based on the model developed in Chapter 5, this chapter
focuses on investigating the effects of randomnesses on the gyratory compaction process
of hot asphalt mixtures. To this end, the initial density profile and compaction effort are
considered as a Gaussian random field and a normal random variable respectively. Monte
Carlo simulations are then performed based on the 1D nonlocal model to compute the prob-
ability distribution of the average densities of gyratory compacted samples. Effects of the
randomness in initial density profile and in compaction effort on the distribution of average
density are studied.
6.1 Introduction
Field density is an important factor for the durability of asphalt pavement, and it is one of
the main focuses of the quality control and quality assurance (QC/QA) of asphalt pavement
construction. As have been analyzed in Chapter 2, field density exhibits considerable ran-
domness, with the standard deviation being around 1.5 %Gmm in Minnesota (see Fig. 6.1
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for an example of field density distribution). Such randomness level of field density clearly
indicates that reliability concepts must be considered when designing the compaction of
asphalt pavements.
However, we are still having a limited understanding of the field density distribution.
For example, it is obscure why field density distribution is always left-skewed (skewness < 0)
and leptokurtic (kurtosis > 3), as exemplified in Fig. 6.1. Understanding these features will
be of critical importance for the reliability analysis of the compaction of asphalt pavements.
(a) (b)
Figure 6.1: Field density distribution of real projects (mean, standard deviation, skewness and
kurtosis of the data are 93.4%, 1.45%, -0.44 and 3.68 respectively), (a) histogram, and (b)
normal probability plot.
The randomness of field density is expected to arise from the randomness of the com-
paction process of asphalt mixtures, for example, the compaction effort, the material com-
positions, and the initial density. Therefore, to understand the features of field density
distribution, it is important to understand how randomness in these factors affecting com-
paction process. To this end, the 1D nonlocal model for gyratory compaction presented in
Chapter 5 is employed to simulate the compaction process, where the inputs of this model
are considered as random variables. More specifically, randomness in the initial density pro-
file (φ0(x)) and compaction effort (number of gyrations, N) are considered as a Gaussian
random field and a Gaussian random variable respectively. Monte Carlo simulations are then
performed to explore the effects of those random inputs on the probability distribution of the
average density of gyratory specimens. By the results, the origin of the left-skewed and lep-
tokurtic properties in the field density distribution is explained. Moreover, the implications
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of the results on the reliability design of asphalt pavement compaction are discussed.
6.2 Simulate Initial Density Profile as a Gaussian Random
Field
In Chapter 5, when simulating the gyratory compaction process, the initial density profile
φ0(x) is assumed as a constant. However, in reality, the initial density profile is a random
field. φ0(x) can be think of affected by numerous factors additively, so due to central limit
theorem it is reasonable to assume φ0(x) as a Gaussian random field. This section then
focuses on the methodology of generating Gaussian random fields.
A Gaussian random field is characterized by a mean function φ̄0(x) and a covariance
function R(x, x′). Assuming that the random field of φ0(x) is stationary and isotropic,
R(x, x′) can be simplified to R(τ), where τ is the distance, τ = |x − x′|; and φ̄0(x) can
be simplified as a constant, φ̄0(x) = c. The covariance function is chosen as the squared
exponential form as shown in Eq. 6.1, which simulates the fact that the correlation of the
densities of two material points decreases as the increase in their distance.




where σ is the standard deviation of the initial density at a local point; lc is related to the
autocorrelation length. More specifically, the autocorrelation length ≈ 3lc
6.2.1 Numerical Method: Spectral Method
To numerically simulate the Gaussian random field, the spectral method proposed by [124] is
followed. First, the covariance function is transformed to the power spectral density function








Then, the Gaussian random initial density field can be simulated by using the following






An cos(ωix+ Φi) (6.3)
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where ωi = iωu/I; An = (2S(ωn)ωu/I)1/2; Φi are independent random phase angles dis-
tributed uniformly over the interval [0.2π]; ωu is the upper cut-off frequency. Sufficient large
I and ωu shall be chosen to ensure accuracy.
Fig. 6.2 shows three realizations by the spectral method within a spatial domain of 100
mm . The following parameter values are used in the simulation: σ = 0.02, lc = 5 mm,
φ̄0 = 0.81.
Figure 6.2: Three realizations of initial density profile simulated as Gaussian random field
To check the validity of this numerical method, the covariance function is estimated
numerically by 10000 realizations, and then is compared with the target covariance function
(Eq. 6.1). As shown in Fig. 6.3. the covariance function computed from the numerical
simulation matches well the target covariance function. Therefore, the validity of Gaussian
random field simulation is checked.
6.2.2 Estimate σ and lc
It seen from Eq. 6.1 that the Gaussian random field of φ0(x) can be fully described by the
parameters σ and lc. In this section, we try to estimate the magnitude of their values by
using experimental data noted in a previous literature [3]. The test data are reprinted in Fig.
6.4 from the original paper [3]. The mixture tested in this research has a nominal maximum
aggregate size (NMAS) of 19mm. The air voids (1 − φ) profile data at the 8 gyrations is
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Figure 6.3: Comparison between the target covariance function and that computed from numer-
ical simulated samples
extracted as shown in Fig. 6.5.
Figure 6.4: Air voids profile data reprinted from the paper [3]
Data in Fig. 6.5 are used to estimate the parameters of covariance function. Due to
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Figure 6.5: Initial air voids profile extracted from Fig. 6.4














(φ0(x)− φ̄0)(φ0(x+ τ)− φ̄0)dx (6.5)
Since the data is only available in the finite domain of specimen size [0, L], so the above










(φ0(x)− φ̄0)(φ0(x+ τ)− φ̄0)dx (6.7)
By these approximations, the estimated R(τ) is plotted in Fig. 6.6. It is important to
note that Eq. 6.7 deviates from Eq. 6.5 as τ gets larger. Therefore, only the estimated
R(τ) at τ close to zero is fitted to Eq. 6.1, as shown in Fig. 6.6. The fitted results are:
σ = 0.0083, lc = 6.27mm. Note that this estimation of σ and lc can be very crude and may
not be representative for mixtures with different aggregate size. However, the aim here is to
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just estimate the order of magnitudes of these parameters based on data of real mixtures,
which will provide with us some guidance when choosing the values of these parameters in
the later sections. Moreover, notably, the estimated autocorrelation length (3lc=18.8mm)
is close to the nominal maximum aggregate size (NMAS), 19mm.
Figure 6.6: Fit the estimated R(τ) to Eq. 6.1
6.3 Gyratory Compaction Simulation with Random Initial
Density Profile
In this section the initial density profile is considered as Gaussian random in the simulation
of gyratory compaction. Compared with Section 5.4, the same material parameter values
are used: la = 20 mm, C1 = 0.033 MPa−1s−1, C2 = 341, k = 2.5, φt = 0.8. Three additional
parameters, φ̄0, σ, lc, are needed to characterize the random field of initial density profile.
The mean of random initial density profile φ̄0 is chosen as 0.81 which is constant initial
density used in Section 5.4. Based on the estimation in Section 6.2.2 and considering that
the NMAS of the mixture (9.5 mm) is one half of of that in Section 6.2.2, we set σ = 0.01
and lc = 3 mm.
Similar to Chapter 5, gyratory compaction processes of three specimen sizes are simu-
lated. The initial specimen heights L are 127, 99, 72 mm respectively. Fig. 6.7 shows the
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simulated gyratory compaction processes of the three specimen sizes.
(a) L=127mm (b) L=99mm
(c) L=72mm
Figure 6.7: Simulated gyratory compaction process for different specimen sizes, considering
randomness in initial density profile
Compared with Fig. 5.5 where φ0(x) is considered as a constant, Fig. 6.7 clearly simu-
lates a more realistic case where the density profile exhibit certain amount of randomness.
It is also noticed that the evolution of the density profile in Fig. 6.7 follows the same pattern
as that in the deterministic case, Fig. 5.5
The simulated evolution of average density φave with N is shown in Fig. 6.8 compared
with the experimental results. It is seen that the simulated evolution of φave matches well
the experimental results. Notably, results in Fig. 6.8 are also similar to the results of the
deterministic case, Fig. 5.4, which implies that the randomness in φ0 have a minor effect on
the evolution of φave.
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Figure 6.8: Comparison between simulated and experimental compaction curves
6.4 Monte Carlo Simulation–Considering the Randomness in
Initial Density Profile
To further explore the effect of the randomness in φ0(x) on gyratory compaction, Monte
Carlo simulation is performed to compute the probability distribution of φave due to the
randomness in φ0(x). We consider the case in which the only uncertainty is from the
randomness in φ0(x) while material parameters (la, C1, C2, φt, and k) are deterministic
and of the same values as in Section 6.3. Randomness in φ0(x) is characterized by the two
parameter of its covariance function (Eq. 6.1), σ and lc.
6.4.1 Effects of Gyration Number N and Specimen Size L
Due to the randomness in φ0(x), φave becomes a random variable whose probability distri-
bution evolves with the number of gyration N and is affected by the size of specimens L. In
this section, we studies the effects of N and L on the probability distribution of φave.
Three specimen sizes are considered, i.e., L =127, 99, 72mm. For each specimen size,
1000 realizations of gyratory compaction process are simulated, given that the random field
of φ0(x) is characterized by σ = 0.01 and lc = 3mm. Then, the probability distribution
of φave is computed at different N ’s for different specimen sizes based on the simulated
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realizations.
The distribution of the simulated compaction curves is plotted in Fig. 6.9. It is plotted
in the semi-log scale to show more clearly the difference in φave at small N values.
Figure 6.9: Distribution of compaction curves for different specimen sizes (the shaded band
shows the range from 5th to 95th percentiles of the data)
It is seen from Fig. 6.9 that the standard deviation of φave (σave) decreases with N . To
show more clearly this trend, the relationship between the standard deviation of φave and
N is plotted in Fig. 6.10. This trend is expected given the fact that rate of densification is
higher for lower density regions, which is simulated in the present model by the densification
rate model Eq. 5.13. This property naturally reduces the variation of φ between realizations
as N increases. In other words, gyratory compaction is an asymptotic stable process. Since
φave is a spatial average of φ, the variation of φave would also decrease.
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Figure 6.10: Relationship between N and standard deviation of φave
Fig. 6.9 also shows that the standard deviation of φave decreases with the increase in
specimen size L. To show it more clearly, the relationship between the standard deviation
of φave and L is plotted in log-log scale in Fig. 6.11. As shown, there is an approximate
scaling relationship: σave ∝ L−0.5. This scaling relationship can be understood through
central limit theorem. Given that φave is a spatial average of φ over a domain of length L,
it can be shown by central limit theorem that the distribution of φave converges to normal
distribution with
σave ∝ σ(lc/L)0.5 (6.8)
as L/lc →∞.
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Figure 6.11: Relationship between L and standard deviation of φave
The distribution of φave at N=0, 5, 50, for the three different specimen sizes are plotted
in Fig. 6.12. It is seen that the distribution of φave is close to normal distribution.
To check the normality, the distributions of φave are plotted by the normal probability
plots, as shown in Fig. 6.13. It is seen that the distributions of φave indeed follow normal
distributions. Same conclusion can also be reached by checking the skewness and kurtosis
values in Table 6.1.
Table 6.1: Basic statistics of the distributions of φave at different L and N
mean st. dev., % skewness kurtosis
N 0 5 50 0 5 50 0 5 50 0 5 50
127mm 0.81 0.884 0.95 0.36 0.17 0.11 -0.022 -0.014 0.003 2.55 2.60 2.72
99mm 0.81 0.876 0.942 0.41 0.21 0.14 0.061 0.009 0.089 2.58 2.77 2.82
72mm 0.81 0.864 0.93 0.49 0.27 0.18 0.053 -0.006 0.010 2.61 2.64 2.85
6.4.2 Effect of σ and lc
The randomness of φ0(x) is fully captured by the parameters in Eq. 6.1, i.e., σ and lc.
Therefore, it is interesting to see how these two parameters affects the probability distribu-
tion of φave. To do that, Monte Carlo simulations are performed for different levels of σ and
lc, as listed in Table 6.2. Only one specimen size, L = 127mm, is consider in this section.
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(a) L=127mm (b) L=99mm
(c) L=72mm
Figure 6.12: Distribution of φave for different specimen sizes
Table 6.2: Values of σ and lc for the parametric study
Set σ lc, mm
1 0.01, 0.02, 0.03 2
2 0.02 1, 2, 3
We first study the effect of σ on the distribution of φave. σ is changed to three different
levels, while lc is fixed as 3 mm, as listed in the first set of parameters in Table 6.2. For each
σ level, 1000 realizations of gyratory compaction process are simulated in the Monte Carlo
method. One realization is shown in Fig. 6.14 for each σ level. Clearly, the variation of φ
at local points increases with σ.
Distribution of φave is calculated by the 1000 simulated realizations for different σ levels.
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(a) 127mm, N=0 (b) 127mm, N=5 (c) 127mm, N=50
(a) 99mm, N=0 (b) 99mm, N=5 (c) 99mm, N=50
(a) 72mm, N=0 (b) 72mm, N=5 (c) 72mm, N=50
Figure 6.13: Normal probability plots of φave
Fig. 6.15 shows how σ affects the standard deviation and mean of the φave. It is seen from
the log-log scale plot Fig. 6.15a that there is a scaling relationship: σave ∝ σ, which confirms
Eq.6.8. As shown in Fig. 6.15b, σ has no effect on the mean of φave.
Then, we study the effect of lc on the distribution of φave. lc is changed to three different
levels, while σ is fixed as 0.02, as listed in the second set of parameters in Table 6.2. For
each lc level, 1000 realizations of gyratory compaction process are simulated in the Monte
Carlo method. One realization is shown in Fig. 6.16 for each lc level. Clearly, the average
wavelength of the spatial variation of φ increases with lc.
Distribution of φave is calculated by the 1000 simulated realizations for different lc levels.
Fig. 6.17 shows how lc affects the standard deviation and mean of the φave. It is seen from
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(a) σ=0.01 (b) σ=0.02
(c) σ=0.03
Figure 6.14: Simulated gyratory compaction process for different σ levels
the log-log scale plot Fig. 6.17a that there is a scaling relationship: σave ∝ l0.5c , which
confirms Eq.6.8. As shown in Fig. 6.17b, lc has no effect on the mean of φave.
6.5 Monte Carlo Simulation–Considering the Randomness in
Gyration Number
During the real construction process, there is also randomness in the compaction effort,
which might be an important source for the real probability distribution of field densities, as
shown in Fig. 6.2. To mimic the randomness in compaction effort in field, we consider the




Figure 6.15: Effect of σ on the standard deviation and mean of φave
Compaction effort can be regarded as a random variable, which is affected by numerous
factors additively, so by central limit theorem, it is reasonable to assume N as normally
distributed random variable.
N ∼ N (N̄ , σN ) (6.9)
where N̄ is the average of the N ; σN is the standard deviation of N .
Monte Carlo simulation is performed to evaluate the distribution of φave due to the
randomness of N . Values of other parameters are set as the same as that used in Section
6.3. Only one specimen size, L = 127mm, is considered.
Fig. 6.18 shows the simulated distribution of φave when assuming N̄ = 50 and σN =
10. The basic statistics of this distribution is listed in Table 6.3. It is seen that with the
consideration of the randomness in N , the left-skewed (skewness < 0) and leptokurtic (kur-
tosis > 3) properties of the real field density distribution (Fig. 6.1) can be simulated, which
implies that the randomness in compaction effort might be an important source accounting
for left-skewed and leptokurtic features of the real field density distribution.
Table 6.3: Basic statistics of the distribution of φave when N ∼ N (50, 10)
mean, % st.dev., % skewness kurtosis
values 94.96 0.49 -0.81 3.97
To further study how uncertainty in N affects the distribution of φave, Monte Carlo
simulations are performed at different levels of σN=0, 5, 10, while N̄ = 40. The effect of σN
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(a) lc=1mm (b) lc=2mm
(c) lc=3mm
Figure 6.16: Simulated gyratory compaction process for different lc levels
on the basic statistics of φave distribution is shown Fig. 6.19. It is seen that as σN increases
the mean of φave decreases slightly but almost remains unchanged. The standard deviation
of φave increases with the increase in σN . More importantly, as σN increases, skewness
of φave decreases while kurtosis of φave increases, which means that as σN increases the
distribution of φave becomes more and more left-skewed and leptokurtic.
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(a) (b)
Figure 6.17: Effect of lc on the (a) standard deviation and (b) mean of φave
(a) (b)
Figure 6.18: Simulated distribution of φave when N ∼ N (50, 10), (a) histogram, (b) normal
probability plot.
6.6 Discussion
6.6.1 Explanation of Features of Field Density Distribution
In this study, we have considered two sources of the randomness in the gyratory compaction
process: the randomness in initial density profile φ0(x) and in compaction effort N . Given
that the gyratory compaction simulates the field compaction to a great extent, the above





Figure 6.19: Effect of σN on the basic statistics of φave distribution
It is found that the randomness in φ0(x) is unlikely to be the main cause of the variation
in field density. From Section 6.4, we see that if the source of randomness is only from φ0(x),
the consequent standard deviation of φave (less than 0.2%) is much less than that of the real
field density distribution (around 1.5%). Moreover, if the source of randomness is only from
φ0(x), the distribution of φave would be a normal distribution, which is different from the
left-skewed and leptokurtic distribution of field density.
On the contrary, randomness in compaction effort is likely to be the main source that
caused the left-skewed and leptokurtic properties of the field density distribution, as has been
demonstrated in Section 6.5. However, the randomness of compaction effort along cannot
fully explain the field density distribution. As shown in Table 6.3, standard deviation of φave
due to randomness of N (about 0.5%) is still less than that of the field density distribution
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(1.5%), which implies that there might be other major randomness sources that we have not
yet consider, e.g., the randomness in material compositions.
6.7 Conclusions
In this chapter, the 1D nonlocal model for gyratory compaction (developed in Chapter 5)
was employed to study the effect of randomness on compaction of asphalt mixtures. Two
sources of randomness were investigated: the randomness in the initial density profile and the
randomness in compaction effort. Monte Carlo simulations were performed to compute the
probability distribution of average density due to these randomnesses. The main conclusions
are the following:
• Randomness in initial density causes a normally distributed φave. The effect of the
randomness in initial density on the distribution of φave can be summarized by this
scaling relationship, σave ∝ σ(lc/L)0.5, which can be understood through central limit
theorem.
• Randomness in compaction effort or number of gyration N lead to a left-skewed and
leptokurtic distribution of φave, which explains the left-skewed and leptokurtic features
in the field density distribution.
Chapter 7
Conclusions
In this research, first, field density data from real construct projects were analyzed to achieve
a thorough understanding of the current situation of field compaction. Then, physical mech-
anisms of compaction were investigated in different length scales. In the length scale of the
thickness of asphalt binder films (∼ 10 µm), the tribological property of asphalt binder was
studied to understand the effect of asphalt binder on the compaction process of mixtures.
In the length scale of asphalt mixtures (∼ 10 cm), two mesoscopic mechanisms (aggregate
rearrangement and aggregate-binder interaction) were proposed to explain the macroscopic
phenomena observed in gyratory compaction process. Based on the mechanism of aggregate
rearrangement, a 1D nonlocal model was proposed to simulate the gyratory compaction pro-
cess of asphalt mixtures. Lastly, the model was employed to study the effect of randomness
on compaction process. The following conclusions are drawn from this study:
(1) Field density exhibits significant randomness, with the mean and standard devia-
tion being 93.4 % Gmm and 1.45 % Gmm respectively for recent Minnesota projects. The
probability distribution of field density clearly exhibits left-skewed and leptokurtic features.
(2) Field density is significantly correlated with the design compaction effort, Ndesign.
Higher field density is achieved with lower Ndesign, which shows the consistency between field
compaction and laboratory compaction, and confirms that field density can be controlled
in the mixture design phase by choosing an appropriate Ndesign. Field density is also sig-
nificantly correlated with fine aggregate angularity. Higher field densities are achieved by
mixtures with lower fine aggregate angularity.
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(3) Tribological test characterizes the lubricating behavior (represented by friction coef-
ficient) of a thin film of asphalt binder at varying sliding rate. Compared to the traditional
viscosity characterization of asphalt binder, tribological test characterizes the interaction
between binder and rough aggregate surfaces, and therefore provides a more comprehensive
characterization of the effect of asphalt binder on the compactability of mixtures.
(4) Tribological test of GNP modified binders shows that GNP addition increases the
lubricating effect of binder between rough surfaces, which explains why GNP addition im-
proves the compactability of asphalt mixtures. The results also shows that, compared to
viscosity, tribological property (friction coefficient) is more related to the compactability of
asphalt mixtures.
(5) Two mesoscopic mechanisms are proposed to explain the main macroscopic phe-
nomena in compaction process. The proposed mechanisms are jamming of aggregates and
aggregate-binder interaction. By aggregates jamming, compaction process of asphalt mix-
ture can be interpreted as the evolving jammed states of aggregates under the excitation of
shear or vibration. This interpretation explains why shear and vibration enhance densifica-
tion, and why shear resistance increases with density, showing the coupling effects between
shear and densification process of asphalt mixture. The mechanism of aggregate-binder in-
teraction explains the decrease in shear resistance in the latter part of gyratory compaction.
(6) A 1D nonlocal model is developed for simulating the gyratory compaction of asphalt
mixtures, based on the physical mechanism of aggregate rearrangement (jamming). The
model is formulated by combining the local mass balance law and a nonlocal densification
model. The proposed model is validated by a set of gyratory compaction tests of different
specimen sizes.
(7) The nonlocal densification model involves a material characteristic length scale, which
gives rise to strong effects of specimen height and aggregate size on the overall compaction
curve as well as on the density profile, which explains the size effect and the shape of density
profile observed in experiments.
(8) Parameters of the 1D nonlocal model can be related to the set up of the gyratory
compaction and the material properties, such as the tribological property of binder, angular-
ity of aggregates, and aggregate gradation. The model yields predictions on the qualitative
effect of material properties on the compaction behavior, and therefore can provide guidance
for the design of more compactable asphalt mixtures.
(9) Using the 1D nonlocal model of gyratory compaction, the effect of randomness on
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compaction of asphalt mixtures is studied. It is found that randomness in initial density leads
to the average specimen density being normally distributed. The effect of the randomness in
initial density profile on the distribution of the average specimen density can be summarized
by this scaling relationship, σave ∝ σ(lc/L)0.5, which can be understood through central
limit theorem. The randomness in compaction effort leads to a left-skewed and leptokurtic
distribution of average specimen density, which explains the left-skewed and leptokurtic
features of the field density distribution. These results can be used to develop a reliability-
based specification for the compaction of asphalt pavements.
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